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1. Introduction

This is a comprehensive final technical report for the Air Force Office of Scientific Research (AFOSR)
research grant No. AFOSR-83-0375, entitled Microdesigning of Lightweight/lHigh Stre4glh Ceramic
Materials. This report summarizes research accomplishments during the period I October 19g to 30 June
1987 (including the no-cost extension period from I December 1986 to 30 June 1987). The overall
objective of the program has been concerned primarily with the processing and characterization of low
density (< 3.0 g/cc) and high strength (> 800 MPa),ceramic matrix composites for structural applications.
In order fthchieve this gcal, three main task areas have been emphasized: (i) fundamental studies in
processing, (ii) processing of ceramic/metal composites, and (iii) theoretical studies.

The work in the first task area consisted of experimental studies on phase transitions in colloidal
systems and microstructure/nanostructure evolution during sintering., Our major accomplishments are
described in Section 2 of this report. 'l"ese studies dealt with the dispersion, consolidation, and sintering
of ceramic powders and ceramicorming gels, in an cffort to provide a fundamental understanding of key
processing parameters that affect the microstructure of the material. The key contribution of these studies
has been the recognition of the fact that colloidally consolidated particle compacts display hierarchical
clustering due to multiple-'sie nucleation and growth of particle clusters. Consequently, such hierarchically
clustered structures display a multimodal void size distribution.) Such inhomogeneities introduced during
the pre-i tering stage generally remain in the finished product as defects, thus compromising the product's
mechanical properties. Our success in the processing of these high performance materials derives from our
fundamental understanding of the colloidal dispersion and consolidation techniques required for developing

tailored microstructures.

'Mrhe work in the second task area saw development of techniques for processing a new class of

particulate,4ased and low density (2.6 g/cc),eramic-mtal composites composed of boron carbide-aluminum
and aluminum diboride-atuminum composite materials. These materials exhibited high fracture toughness
(14.4 MPa.m'/),igh fracture strength (645 MPa)rand high hardnesi 1 2400 KII (1000 g)). The primary
focus of this study was the processing, mechanical testing, and microstructoral analysis and characterization
of these composite materials. Results are described in Section 3 of this report. These results can provide
fundamental information regarding the interrelationship between mechanical properties and microstructural
and compositional variations. This information should allow better identification of the key processing
parameters that control the macroscopic properties of boron carbide-aluminum ceramic/metal composites.

Work in the third task area consisted of developing theoretical models in parallel with the experimental
studies. The goal of the theoretical studies was to help understand colloidal systems (in the suspension
state as well as in the consolidated state) from a more fundamental basis. Results are described in Section



4. Models of particle-particle interaction, particle-polymcr interaction, and colloidal suspension stability
were developed, based upon statistical mechanical and interparticlc potential analysis techniqucs. Significant
achievements include developing a general equilibrium phase diagram for monodisprse and bimodal
particle systems and charactcrizing the uniformity of colloidal sediments. Initial models were modified to
include electrosterically stabilized systems, non-cquilibrium systems, and interfacial as well as bulk properties.

2. Fundamental Studies in Processing

The overall objective of this portion of the research program was to establish the guidelines for
processing and microdesigning low density and high strength ceramic materials for structural applications.
In particular, the work sought to develop a fundamental understanding of the important parameters

involved in the dispersion, consolidation, and sintering of particles in the size range of 10"9 to 10-
3 m.

These particles may be spheroidal, plate-like, or rod-like, and may form a highly dispersed or an
agglomerated suspension. Surfactants or polymers may be added to a suspension to improve the consol-
idation step, resulting in the tailored packing of the particles in the green microstructure. Densification
may take place with the addition of heat and/or pressure. This program studied each of these areas in
detail, in order to improve upon current processing methodology in designing and producing desired
microstructural features.

In order to achie-.e this goal, five main task areas were emphasized: (i) novel powder synthesis
techniques, (ii) fundamental studies in the dispersion and rheology of colloids, (iii) colloidal consolidation
and characterization of the resulting microstructure, (iv) sintering and microstructure/nanostructure evolu-
tion, and (v) post-sintering properties characterization.

2.1 Novel Powder Synthesis Techniques

In an attempt to improve the purity of ceramic powders and to successfully achieve mixing of
pre-ceramic components on a molecular scale, experimental work has been performed on the synthesis of
ceramic precursor materials. The precursors, prepared by T. Yogo in our laboratory, include oxy-alkoxides
for the production of mullite and B4C powders. Extremely fine powders can be produced by using
techniques of polymeric condensation with the monomers synthesized in our laboratory. Alternatively,
these pre-ceramic polymers (or copolymers) could be used directly in shape-forming processes, with
conversion to ceramic taking place subsequently. T. Yogo has successfully synthesized the monomeric
units for the B4C precursors. Ongoing studies of the polymerization of tc FI4C precursor, as well as
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commercially available aluminum- and silicon-containing oxy-alkoxides indicate that polymeri7ation is
possible. Preliminary evidence shows that some ceramic material is produced upon densification.

2.2 Dispersion, Stability, and Rheology

The powder dispersion, consolidation, and sintering schcme for forming ceramic bodies from colloidal
powders is shown in Figure I. The interest in such a process is due mainly to the realization that unwanted
inhomogeneities introduced into a powder compact during the presintcring stages generally remain in the
finished product as defects. A significant difficulty which arises in employing colloidal particles is their
tendency to agglomerate due to interparticle (particularly van der Waals) attractive forces. Such clustering
leads to undesirable micro- and nano-strctures and to highly viscous suspensions. The following paragraphs
describe the fundamental experimental work performed on the dispersion and stability of submicron ceramic
particles in suspension. Such information can be used to improve techniques for obtaining higher packing
densities and microstructural uniformity, and for fabricating complex geometries not otherwise obtainable

by alternative processing methods.

A study of interparticle interaction and clustering dynamics of attractive particles was conducted on
an aqueous suspension of monosized, nanosized particles with a well-characterized surface chemistry. Gold
particles with a diameter of 150 A were used as a model system in order to study collision and aggregation
rates in cluster formation. Specifically, the effects of crystallographic orientation and surface characteristics
on the formation of particle clusters were investigated. lierarchically clustered structures displaying a
multimodal void size distribution were produced.

The adsorption of surfactants and polymers on the surface of dispersed colloidal particles and the
stability of colloidal suspensions was investigated more fully (see Appendices I - V). The model systems
of polymethacrylic acid (PMAA) and polyacrylic acid (PAA) adsorbed on a-A120 3 were chosen. The
adsorption behavior of polyelectrolyte on the particle surface and on the transition boundary between
stable and flocculated suspensions were determined for a variety of concentrations and molecular weights
of polyclectrolyte added to the suspension. A stability map was created, which can be a useful processing
tool for tailor-making suspensions by varying the polyclectrolyle concentration and the solution p1l to
obtain the desired properties.

Suspension rheology is intimately connected with dispersion and suspension stability. Particle-particle
interaction energies affect viscosity primarily by altering aggregation behavior and hence suspension struc-
ture. Important results (see Appendices Ill and IV) indicate that it is possible to prepare 70 v/o aqueous
suspensions of a-AI20 3 with sufficient fluidity for ceramic processing by cletrosteric stabilization of the
colloidal suspension.

3
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Fig. 1: Various ptocesmng paths followed in powder consolidation. Suspension route is
used to eliminate unwanted particle clusters (agglomerates). Gelation route is for particles
smaller than - 7anm.

Figure I: Various proceessing paths followed in powder consolidation.

Suspension route is used to eliminate unwanted particle clusters (agglomerates). (elation route is for particles smaller

than - 75 im.

2.3 Consolidation of Colloidal Suspensions

Colloidal consolidation is, in the usual sense, simply the nucleation and growth of particle clusters.

It is, then, the transition of a colloidal suspension from a dispersed to a flocculated state. It may also be
considered as a transition from a fluid-like to a solid-like state. The applications for ceramics processing
am certainly clear. Extensive theoretical work (see Chapter 4) and a review (Appendix VI) have been
completed by our group on this topic. In addition, APOSR/DARPA funding has also supported the
following experimental work.

A bimodal or polydisperse particle size distribution can produce particle compacts that sintcr to full
density at significantly lower temperatures than systems composed of monosi-:rd particles (Appendix VII).
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Consolidation of bimodal or polydispersed systems, however, is complicated by particle segregation due
to different particle migration rates. This work (Appendix VIII) investigated long-range particle segregation
of a suspension that contained particles with a bimodal size distribution, undergoing consolidation. Results
showed that the consolidation mechanism is initially filtration and later sedimentation, resulting in a
gradation of microstructural homogeneity. Particle segregation in the bimodal system was shown to be
reduced by increasing particle concentration.

Additional studies of the consolidation of colloidal suspensions included a combined theoretical and
experimental investigation on the behavior of fiber-containing suspensions in the presence of thermal and
mechanical forces. The properties of these fiber suspensions are expected to resemble rod-like macromolecular
polymer systems that form liquid crystals. As in liquid crystal systems, fiber alignment and fiber cluster
formation are expected to occur in high fiber concentrations. The results of this work are expected to lead
to improved processing techniques in the fabrication of useful ceramic fiber-reinforced ceramic materials.
Preliminary observations of fiber suspensions under the influence of audio-frequency vibrations include
the formation of cluster domains with roughly parallel alignment, the formation of separated columns of

aligned whiskers, and the formation of other regular patterns including 60-degree branched structures.

2.4 Sinterng and Microstructure Development

In the sintering of consolidated ceramic powder compacts, microstructural inhomogeneities introduced
during consolidation lead to variations in sintering kinetics and subsequent microstructural evolution.
Particles that are more densely packed sinter to full density at a higher rate and at lower temperatures
than do less densely packed particles. Three conditions must be achieved in the consolidated powder
compact in order to sinter successfully at lower temperatures: small particle size, narrow pore size
distribution, and uniform spatial distribution of pores. The effects of these parameters on sintering kinetics
and microstructure evolution were studied in detaii and are described below.

A consolidated compact composed of smaller particles sinters more quickly and at lower temperatures
than does compact composed of relatively larger particles; this is due to a larger chemical potential in the
former as a result of its smaller radius of curvature. Sol-gel processing employs submicron-sized particles
and has advantages for reducing the sintering temperature and for preparing materials with high uniformity
and parity compared to conventional processing. Shinohara and Aksay investigated the sintering and
microstructure evolution of alumina (Appendices XXVa and XXVb) and mullite-forming (Appendix
XXVc) gels. rnhanced densification and lower sintering temperatures were achieved when the dense
particle packing of nanosized particles resulted in a relatively small pore size. Slow drying of the gels was
of course necessary to minimize anisotropic shrinkage of the gel prior to 'sintering.



The study of the effect of pore size distribution upon sintering and dcnsification behavior naturally
follows from the work described in the previous paragraph. A model system was thus devised (see

Appendices VII and IX) to investigate microstructure evolution during sintering in a ceramic compact
with a controlled pore structure. The approach was motivated by the space-filling concept, which suggests
that the addition of fine particles in a coarse matrix results in the reduction of pore size and overall
porosity. A colloidally consolidated ceramic compact was prepared from a suspension of particles with a
bimodal particle size distribution. The packing density went through a maximum at an intermediate value
for a volume fraction of fines (see Figure I in Apperrdix VII), thus suggesting an optimum amount of
small particles that was required to occupy the void space between large particles. As a result, the pore
size distribution was smaller, which led to lower sintering temperatures and times. Grain growth was
consequently reduced. The evolution of pore size distribution during densification was studied by mercury
porosimetry, showing that bimodal compacts retained open pores during sintering and thus reduced the
sintering temperature and improved the degree of densification.

A novel approach to the fabrication of porous ceramics with controlled pore size, shape and spatial
distribution was developed (Appendices X and Xl) in our laboratory. The geometry and topology of the
pore space in the ceramic body was precisely controlled by introducing solid organic material in the
colloidal ceramic material by codispersion or lamination, followed by thermolytic decomposition of the
organic solid. The space initially occupied by the organic inclusions forms the pore network in the body
and thus results in the controlled formation of microstructure.

The effect of fibers and whiskers on the consolidation of ceramic fiber-ceramic matrix composites was
investigated. The objective of this study has been to prepare fiber-reinforced mullite matrix composite
materials in order to produce high-strength dense ceramic bodies at reduced ( < 1250*C) sintering temper-
atures. Fabrication of the mullite matrix was accomplished by sol-gel processing technology, whereby a
monomeric silica-rich compound is polymerized in a suspension containing a fine alumina-rich powder.
The gel thus formed was used in either the wet monolithic form or in the dried, powdered form. Chopped.
short fibers of various aspect (i.e., length/diameter) ratios were incorporated into the mullite matrix-forming
material prior to heat treatment. Fiber concentration, expressed as a volume fraction, altered both the
degree and rate of densification: increased fiber concentration (up to 15%) required higher sintering
temperatures and longer sintering times to achieve a given degree of densification. (See also Appendix XXVIf).

2.5 Post-Sintering Properties Characterization

The goal of these studies in the processing of high performance materials has been to improve the
properties of the resulting ceramic bodies. Microstructural features inherited from earlier processing steps
certainly affect structural properties, as do chemical and grain size changes occurring during sintering and
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densification. The microstructurcinanostructure considerations have been described in earlier sections.
Characterization of the latter properties, as well as the optical properties of mullitc, will be discussed below.

The chemical identity of various phases in polycrystalline ceramic materials and interphase regions
at grain boundaries was studied by a variety of analytical techniques, in particular the high resolution

transmission electron microscopy (I IREM) imaging technique. First, the reaction series during the sintering
of kaolinite (Appendix XII) and metakaolinite (Appendix XIII) to mullite was studied, in order to
characterize the reaction and reaction products responsible for the 980'C exotherm observed during
sintering. The exotherm was found to exist due to the formation of a nearly pure y-Al20 3 -type spinel

phase as a result of a phase separation in the amorphous dehydroxylated kaolinite matrix. Second, an
evaluation of the use of the IIREM technique for the detection of grain boundary amorphous phases was
prepared (Appendix XIV). The technique was then employed to provide a detailed characterization of the
interphase regions of polycrystalline mullite prepared from kaolinite and alpha-alumina (Appendix XV);
identification of crystalline and amorphous phases were made by the I IRFM technique, as was the growth
direction of crystallites during mullite formation.

Additional post-sintering characterization included developing a quantitative method for relating
infrared transparency to post-densification microstructure of mullite. In another study, the transparency
of mullite to infrared radiation was shown to be dependent primarily on the purity and post-sintering
microstructure (Appendix XVI). Mutlite-forming gels were used to prepare monolithic ceramic bodies,
which densified to nearly (98%) theoretical density at 1250°C. Infrared transparency depended upon
"pore-filling' (i.e., microstructure evolution) by viscous phase deformation of silica and subsequent crystal-

lization of mullite during sintering. Infrared absorption analysis can thus in this case be used to characterize
the completeness of chemical reaction, the nature of pore size distributior, and the degree of densification.

3. Development of Light Weight Ceramic-Metal Composites

Ceramic-metal composites, when properly processed, combine the useful properties of ceramic and

metal materials into one system. The synthetically processed group of refractory carbide-metal composites
have traditionally been processed by liquid phase sintering, an effective lower cost fabrication process.
lowever, its applicability to ceramic-metal composites has only been illustrated in thermodynamically

compatible systems. The WC-Co and TiC-Ni systems are the best studied examples of these thermody-
namically compatible systems. Most ceramic-metal composite systems of interest, however, are thermo-
dynamically incompatible at elevated temperatures. Therefore, when the liquid phase sintering approach
is attempted, chemical reactions may result in the depletion of either the metal or the ceramic phase prior
to full densification. Consequently, a number of difficulties have been encountered in the development of



many ccramic-metal composite systems. IA)W temperature, solid-state densification methods provide a

solution to the phase depiction problems encountered at elevated temperatures. However, the main
disadvantage of low temperature processing methods is that in the absence of chemical reactions, wetting
of the ceramic by the metal phase is not always achieved. In such cases, even with high pressure forming
techniques, porosity is not completely eliminated.

The preliminary studies performed under a Lawrence Livermore National I aboratory (LLNI .) contract
have shown that B4C-AI and l14C-Cu-Si composite systems can be processed to nearly full densities in
lightweight cermets at temperatures below 1200'C only by hot isostatic pressing techniques. The new
work, outlined below, describes the main accomplishments which were undertaken between 1983-86. The
main emphasis at this phase of the effort was given to the development of B4C-AI and SiC-Al cerrnets
by an infiltration technique. During this period, a methodology was formulated to circumvent the problems
encountered in the microdesigning of thermodynamically incompatible ceramic-metal composites in terms

of the wetting characteristics of the ceramic phase by the metal, the rate of chemical reactions at the
interfaces, the resultant microstructures, and the mechanical properties achieved. This methodology will

be illugtrated here. The most successful results during this phase of the program were achieved in BDC-AI
cermets. Therefore, the main emphasis below will be given to the processing, microstructures. and properties
of 134C-A1 cermets.

3.1 Capillarity and Reaction Thermodynamics

In order to achieve intimately mixed multiphase combinations, the first requirement is to control the
wetting characteristics of the solid phases by the liquid metal. At high temperatures, chemical reactions
at the interfaces result in a change in the interfacial free energies and thus in the contact angle. Therefore,

non-wetting systems (i.e., thermodynamically incompatible) can be turned into wetting systems by taking

advantage of these chemical reactions. In the B4C-AI system, contrary to the earlier studies, it was found
that Al can be turned to wetting at temperatures above 1000*C. Ilo.,cr, mass transport across the
interface that initially results in wetting may result in the formation of new phases in excessive amounts.

The control of these chemical reactions in the formation of new phases in the B-C-Al ternary, as described
below, is the key factor in the processing of B4C-AI alloys. It is these chemical reactions which take place
uncontrollably fast in SiC-AI and AIM, respectively, at the interfaces between the major ceramic and metal
phases in these cermets.

The formation of seven binary and ternary phases have been established between 680'C (Trn of Al)
and 1400'C (Appendices XVII and XVIII). The major phases are AID 2 and Al4BC (a newly discovered
phase), (Appendix XIX) AIB 4C2 and AI4 C above 1200'C. The reaction thermodynamic studies determined
that local equilibrium conditions between R00 and 1200*C must he established so that Ald 3C (the so-called
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X-Phase) will evolve and tie-up most of the free carbon required to form AI4C.3. It is established that

A14C., is undesirable (as in SiC-Al cermets) because of its hygroscopic nature and poor mechanical

properties. Above 1200'C, local equilibrium conditions do not suppress AI4 C3 formation. Therefore, to
process B4C-A1 cermets it is necessary to rapidly heat the composite to a point near 1200'C to ensure

wetting and then subsequently cool to temperatures much below 1200'C for the development of the desired

microstructure.

3.2 Densification

B4C-AI composites cannot undergo pressureless or pressure assisted densification unless wetting occurs.

In ceramic-metal composites, it is established that phase rearrangement is the major densification mechanism

during the liquid phase sintering. The extent of phase rearrangement depends on the degree of packing

density and chemical inhomogeneities that exist in a powder compact after the initial consolidation. Due
to phase rearrangement, these inhomogeneities are amplified during sintering. The formation of large voids

due to the rearrangement of the liquid phase is of particular concern, especially in incompatible systems,

such as B4C-AI. Observations have shown that sintered, hot-pressed, and hot isostatically pressed B4C-AI
composites all possess large voids which are surrounded by rigid ceramic shells.

The problems associated with phase rearrangement during liquid phase sintering were used to our

advantage when the fabrication process was modified, where liquid metal was infiltrated into the monolithic
porous ceramic, in a manner similar to the dcnsification of agglomerates (Appendix XX). This approach
allows the densification of fully dense and uniform composites, as the optimized hydraulic resistance and

the thickness of the porous substrates facilitate a rapid infiltration technique. To obtain porous B4 C

substrates with modified surface characteristics, compacts were heat treated above 2000'C to obtain a
ceramic skeleton. These B4C substrates, with a predetermined amount of void percentage, were then

infiltrated with molten Al at about 12000C. As a result, two major types of B4C-AI composites were
formed. In the first case, the metal completely depleted to form a dense multi-ceramic microstructure. In

the second case, a certain amount of Al was retained in the final microstructure. These two cases produced
different microstructures with various interfacial characteristics resulting in wide variation in mechanical

properties.

3.3 Microstructures

In contrast to liquid phase sintering where the development of microstructure depends mainly on the

sintering temperature and time, the infiltration technique microstructures can be altered in several stages.
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These stages are as follows: (i) The first is the dispersion and consolidation stage where colloidal dispersion
and consolidation of B4C powders control the B4C/AI ratio of the final product. For high B4C content
(70%), highly dispersed aqueous suspensions (with p11 at 10.5) were used, and for low 134C contents,
flocculated aqueous suspensions (with pil at 4) were used. (ii) The second stage is sintering, which is
performed at 1800 to 2200°C and which results in the formation of B4C "sponges." Depending on the

sintering conditions, the total porosity, the grain and channel connectivity, and the chemical composition
of the substrate can all be modified. (iii) The third stage is the infiltration stage, which is performed at
about I S0°C. Depending on the time of infiltration and on the cooling schedule after the completion of
infiltration, controlled microstructures with varying amounts of metal and reaction product phases can
form. (iv) Lastly, there are post heat treatments which involve stress retraining procedures on the as-cooled
composites. In addition, there is the modification of the microstructure of the metal phase, especially
when alloying elements are also used.

3.4 Mechanical Properties

Samples of B4C-AI composites prepared by the infiltration technique have been subjected to various
mechanical property tests. Both the fracture strength (4-point bending) and fracture toughness (SENB)
and Chevron Notch properties exhibit the best values for 35% initial Al content. These values are 645
MPa for the strength and 9.7 MPa.m1 2 for the toughness, 545 MPa for the strength and 14.4 MPa.m 1/2

toughness, respectively.

Properties are not necessarily controlled by the total initial and retained Al phase alone, but also by
the reaction products which especially form during the infiltration stage. It was also found that the porous
B4C skeleton itself cannot be responsible for the deviation of rule of mixtures seen in the property data.
The maxima on the fracture strength and K1, data appear to be related to the continuity factor which is
defined as the average number of connected grains.

Studies analyzing how alloying elements in Al affect the microstructures and the mechanical properties
were also initiated during this period of the program. Both 2024 and 7075-Al alloys were used which are
based mainly on Cu and Zn, respectively. As expected, the effect of alloying elements on the overall

properties of the composites came from their tendency to form precipitates, thereby changing the properties
of the metal phase. In addition, because of the high infiltration temperature (> 1150°C), exceptionally
high for metal processing, some desirable and undesirable formation of intermetallic compounds among
the alloying elements and among B and C may take place. While there is a gradual decrease in hardness
values as the metal content is increased, both in toughness and in strenlih there is a substantial initial
increase before a gradual decrease takes place. This behavior was also observed in other classical ceramic-
metal composites, such as WC-Co (Appendix XXVd). These changes in the mechanical properties of

10



B 4C-AI alloy composites that are affected by the microstructural variations as a result of processing
variables will be one of the main focuses in the continuation of this program. These structural changes
take place at nano-scale, especially at the ceramic-metal interfaces and in the metal phase, icquiring high
spatial resolution characterization techniques.

3.5 Summary and Conclusions

During this phase of the program, intrinsically hard and potentially tough lightweight cermets were
developed by applying thermodynamical guidelines as processing principles. Composites of SiC-Al were

shown to have a poor combination of mechanical properties and stability because of the uncontrollable

reactions which take place during the infiltration stage. On the other hand, B4C-AI cermets were successfully

processed to yield excellent mechanical properties (fracture strength up to 645 MPa, fracture toughness up

to 14.4 MPa.m1
r2). In this system, which is an incompatible ceramic metal composite, the wetting

requirement of the ceramic phase by the metal was achieved by taking advantage of the chemical reactions

between the ceramic and the metal phases. Since the retention of the metal phase in the final product is

an essential requirement, the detrimental effect of the chemical reactions was minimized by using an

infiltration technique. In this procedure, the molten metal is infiltrated into a partially sintered B4 C
"sponge" having a predetermined amount of porosity which is filled by the metal phase to achieve a fully

dense composite.

It has been illustrated that the unique properties associated with the individual phases which form in

134 C-AI cermets allow the formation of many "tailorable" microstructures with wide ranging mechanical

properties. In addition, it has been shown that the introduction of alloying elements into the metal
component has an added advantage in designing the composites now at the nano-seale, especially in

controlling the interfacial characteristics between the ceramic and the metal. The next challenge will be in
the understanding and controlling of these nanostructural features in the further development of the 134 C-AI

cermets.

4. Theoretical Studies

The goal of the theoretical studies is to provide a fundamental undecstanding of various phenomena
that occur in the various stages of colloidal processing, namely, dispersion, consolidation, and sintering,

and as a result, to help design better procedures to process ceramic materipJs to meet specific needs. During

the past few years, the theoretical program has grown significantly. We have been able to extend our

studies from monodispersions to bimodal systems, from equilibrium calculations to non-equilibrium ones,
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from el "ctrostatically stabilized systems to stcrically stabilized ones. from bulk properties to interfaces. The
results are very fruitful.

The achievements are outlined as follows: (I) A general equilibrium phase diagram for monodisperse
systems which summarizes the stability region of the colloidal solids, the colloidal liquids, and the colloidal
gases in the parameter space (see Appendix XXI); (2) Phase diagrams of monodisperse and bimodal

charged colloidal particles (see Appendices XXII and XXVe); (3) Non-equilibrium aggregation studies for
monodisperse as well as binary colloidal suspensions (see Appendices XXIIi, XXIV and XXVf); and (4)
Polymer adsorption on colloidal particles and steric interactions between colloidal particles (see Appendix
XXVg).

The work in (1) is concerned with the general equilibrium phase diagram of monodisperse colloidal
systems. The essence of the work is that I. A. Aksay and R. Kikuchi were able to develop a lattice-gas
model in which there exists three distinct phases. The ordered low-temperature phase is identified as the
solid phase. The two disordered phases, one of which has a higher density than the other, are identified
as the liquid phase and the gas phase, respectively. The use of the cluster variation method (CVNM) enables
the authors to obtain the phase diagram in the parameter space accurately. 'The phase diagram summarizes
the stability regions of the solids, liquids, and gases when the interparticle attraction energy is varied. This
work has served as a general guideline for much of the experimental work (for the details, see the review
in Appendix XXI) and also has served as a nucleus for the rest of the theoretical effort.

The work in (2) is concerned with the crystallization of colloidal particles under repulsive conditions.

The essence of this work is that the authors Shih et al. were able to calculate the free energies of all phases
(the various crystalline phases as well as the liquid phase) with a variational principle. Because they treated
all phases on equal footing, they were able to come up with very accurate theoretical phase diagrams. For
the monodisperse systems, the theory predicted the body-centered-cubic (bee) and the face-centered-cubic
(fec) crystalline structures for the colloidal solids. The be phase exists only when the particle charge is
high and the particle density is low, while the fcc phase dominates in most of the solid phase regions (see

Appendix XXII). These predictions are in very good agreement with experiments on various colloidal
systems. In particular, in the ceramic suspensions where the particle charge is usually not too high, the
fce phase has been identified with monodisperse silica suspensions. As for bimodal systems, the theory

predicts instability of the substitutional crystals against the formation of the liquid phase. Let y denote
the ratio of the diameter of the snall particles to that of the large particles. When y is close to I, say,
0.8, although the system can freeze into a crystalline solid, the freezing density as a function of the
small-particle concentration has a maximum at some intermediate concentation; when y is farther from
I, say, 0.5. the crystalline phase cannot be formed in most of the phase space, except in the regions that
are close to the pure cases. The implication of these predictions is that in most bimodal (or polydispersed)
systems, one gets colloidal "glasses" rather than colloidal crystals and hence a narrower pore size distribution.
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These predictions provide a fundamental understanding for the consolidation behavior in bimodal colloidal
systems as described in Section 2.

The work in (3) is concerned with the agglomeration in monodispcrse systems as well as in binary
suspensions when the colloidal particles are under attractive conditions. Agglomeration is a non-equilibrium
phenomenon and thus cannot be explained by an equilibrium theory. The essence of this work is that the
authors were able to develop a non-equilibrium aggregation model in which they allow the interparticle
attraction E to be finite so that binding and unbinding are both possible. It turned out that the colloidal
aggregates can be either fractal or compact depending on the condition. The fractal dimension of the
aggregates can vary with E and with time. We have also estimated the sedimentation density as a function
of E, which closely resembles the experimental curve. In colloidal processes, as a rule, one has non-
equilibrium situations rather than equilibrium ones. Therefore, the theory provides a better fundamental
understanding as to how the structure of the agglomerated solids varies with experimental conditions and
also provides a new way of characterizing the structure of the agglomerated solids, namely, the fractal
dimension. A detailed comparison between the theory and the experiments is given in Appendix XXIV.

As for binary suspensions, experimentally, it is seen that an initially stable suspension of alumina
particles can be induced to undergo flocculation when a less attractive species, e.g., organic microemulsion
particles, is added to the suspension. Furthermore, when the organic microemulsion particle density reaches
some critical value the whole suspension becomes free from flocculation again. The details of the exper-
iments are contained in Section 2. This phenomenon is analogous to the so-called depletion flocculation
and depletion stabilization in polymer-colloidal systems. To explain this phenomenon, we have performed
both aggregation simulations as well as equilibrium calculations. The aggregation simulations show exactly
the same behavior as seen in the experiments; i.e., the cluster size has a peak with respect to the density
of the second-ipecies particles while the equilibrium calculations show a monotonic increase in cluster size
with respect to the second-species particle density. The discrepancy between the result of the simulations
and that of the equilibrium calculations clearly indicates that the restabilization of the first-species particles
at higher second-species-particle densities is due to kinetics. This work is especially important in interpreting
the experimental results in sterically stabilized systems that contain excess polymer in solution.

The work in (4) is concerned with the polymer adsorption on colloidal particles and the steric
interaction between colloidal particles. So far, most theoretical studies of polymer adsorption have dealt
with single-cMain adsorption behavior. In reality, this is rarely the case. It is therefore important to study
the multi-chain adsorption. We have studied the multi-chain adsorption with equilibrium calculations as
well as with computer simulations.

While most computer simulations deal with single-chain adsorption for neutral polymers, we have
done simulations for multichain adsorption of neutral polymers as well as polyclectrolytes. The preliminary
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results show that when the monomers have repulsion between themselves such as in the case of charged
polyclectrolytes, the saturated adsorption amount is smaller than when there is no repulsion between
monomers. This agrees with experiments described in Section 2. The simulation further indicates that in
the repulsive condition, although the adsorption amount is smaller, the height of the adsorption layer is

actually larger. The adsorption height determines the range of the steric interaction between two adsorbed
layers and is therefore an important parameter in tailoring the interparticle interaction. Another advantage
of the simulation is that it can give structural information which can be directly compared with neutron
or x-ray scattering data.

In summary, the results of the theoretical studies are very encouraging. We have been able to extend
the studies to various conditions ranging from monodispersions to binary suspensions, from electrostatic
interactions to steric interactions, and from equilibrium calculations to non-equilibrium ones. In addition,
we have provided more fundamental understanding for the experiments.
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5. Personnel

I. Professors

a. [.A. Aksay b. R. Kikuchi c. M. Sarikaya

2. Research Associates

a. D.M. Dabbs b. A.J. Pyzik c. W.Y. Shilh

d. B. Sonuparlak

3. Visiting Scientists

a. T. Yogo b. M.F. Persson

4. Research Staff

a. D.I. Milius

5. Graduate Students

a. R.M. Allmann III h. T. Iaoui

b. J. Cesarano If! i.J. Liu

c. L.A. Chick j. D.,. Milius

d. S.K. Fukuda k. N. Shinohara

e. D.M. Gallagher I. R. Yamada

f. C, IIan m. M. Yasrebi

g. G.l. Kim

6. Undergraduate Students

a. A.M. Davis h. J.M. Kiehlbauch

b. J.M. Day i. C.B. Martin

c. M.J. Edwards j. .C. Martin

d. M.B. Giuffre k. S.S. Pak

e, M-. Gordon I. I.LILS. Ro

f. G.L. Jones m. S.C. Wong

g. S. Jones
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6. Facilities

The following equipment was purchased for use by the research group with funding from grant no.
AFOSR-83-0375.

Description

" ASEA Pressure System, spare parts, optional elect. hyd. C, molybdenum furnace, $50.00.

0 Perkin-Flmer-sThermal analysis system, )isc drive, professional computer, keyboard, TAC7-instrument
controller, demo model AD2-Z, TGA-thermogravimetric. analy7cr, monitor: model 7500, $5,000 +
2,000 dem.

" I ceds & Northrup, Pyrometer, heating elements, automatic pyrometer, objective lens, $2,692.

" Nicolet, 5DXB FT-IR Spectrometer System, $9,384.

* Water still, Mega Pure, cartridge deminerallier, cartridge organic removal, wall bracket, $1,020.

* Richard Brew Furnace, element, Model 466, $969.

* Allied Fisher, Scientific pH! meter, $718.

" Brookfield Fngr. Lab equipment, Thermogel, extra sample chamber, extra spindle, $1.553.

* Astro Industries, heating element for Astro Model 2570, $1,295.

* Ili Temp. Graphite, tube furnace, $60,274.

* Gatan Inc. - Cold, stage for Model 600, Dual Ion Mill, $3,970.

" Brookhaven - light, scattering system, 131 - 200 SM Gonimeter with options. DI - 4 T multiple, sample
time, BI - CON stepping motor, controller fiber, $34,735.

* Newport Optical Table. Vibration Isolation System, XK 4A-28, Air ':!tcr, Ar-I, $8,578.
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" Spectra Physics - Laser, 15 mW IleNe I.,aser, model XK 124-l3, $3,337.

" Power Meter Newport, Model 820 AC, $1,175.

9 ONCTI 182509, IBM-AT computer wkstn, 80287 NDP, cable for printer model 339, Microsoft C
Compiler Ver 3.0, Fortran Compiler Ver. 3.31, DOS Programmers Ref. Man., Macro assembler 4.0,
Word Ver. 3.0, IBM-AT Technical Ref. Man., $5,126.

* EGA & graphics card & Epson FX - 85 Printer, $913.

* NEC - Multisync Ili - Res. Color Monitor, $720.

" AST Rampage/Port with 512 K, $793.

7. Technical Communications

7.1 Presentations

I. Aksay, I.A. and Sarikaya, M., "Mullitization of Kaolinite," presented at the 36th Pacific Coast
Regional Meeting of the American Ceramic Society, San Diego, CA, October 3-5, 1983.

2. Py7.ik, A. and Aksay, I.A., "Development of B4C/Cu-Alloy Cermcts," presented at the 36th Pacific

Coast Regional Meeting of the American Ceramic Society, San Diego, CA, October 3-5, 1983.

3. Sonuparlak. B. and Aksay, I.A. "Kaolinite Reaction Series," presented at the 36th American Ceramic
Society Annual Meeting, Pittsburgh, PA, April 29-May 3, 1984.

4. Pyz.ik, A.J. and Aksay, IA., "Phase Rearrangement during L.iquid Phase Sintering." presented at the
86th American Ceramic Society Annual Meeting, Pittsburgh, PA, April 29-May 3, 1(84.

5. Aknay, I.A., Kikuchi, R., Aliman, M. IIl, and I)avutoglu, A. "Phase 'ransitions in Colloidal Systems,"
presented at the 58th Colloid and Surface Science Symposium of the American Chemical Society,
Pittsburgh, PA, June 11-13, 1984.

17



6. Aksay, I.A., "Structure of Colloidal Phases," presented at the "Ceramic Films & Substrates," Aurora.

NY, July 15-18, 1984.

7. Sonuparlak, B. and Aksay, L.A. "Mullite Formation with Molecularly Mixed SiO 2-AI20," presented

at the 37th Pacific Coast Regional American Ceramic Society, San Francisco, CA, October 28-No-
vember 1, 1984.

8. Yasrebi, M. and Aksay, L.A., "Microstructural Uniformity in Ceramic-Organic Binder System." pre-

sented at the 37th Pacific Coast Regional of American Ceramic Society, San Francisco, CA, October

28-November 1, 1984.

9. Aksay, L.A., "Defects in Colloidal Crystals," presented at the 37th Pacific Coast Regional of the
American Ceramic Society, San Francisco, CA, October 28-November I, 1984.

10. Milius, D., Pyzik, A., and Aksay, I.A., "Sintering of SiC With Iiquid Aluminum," presented at the
37th Pacific Coast Regional of the American Ceramic Society, San Francisco, CA, October 28-No-

vember I, 1984.

It. Ilan, C. and Aksay, I.A., "Uniform Densification of Bimodal Particle Systems," presented at the 37th

Pacific Coast Regional of the American Ceramic Society, San Francisco, CA, October 28-November

1, 1984.

12. Sonuparlak, B., Yasrebi, M., and Aksay, I.A., "Processing of Iligh Strength Porous Alumina,"

presented at the American Ceramic Society 87th Annual Meeting, Cincinnatti, Oil, May , 3, 1985.

13. Cesarano, J. and Aksay, I.A., "Polyclectrolyte Adsorption on a-A] 20 3 and Aqueous Suspension

Stability," presented at the American Ceramic Society 87th Annual Meeting in Cincinnatti, 011, May

5-9, 1985.

14. Aksay, I.A., "Structural Characteristics of Alumina-Rich Melts in the System A120 3 -SIO 2," presented

at the American Ceramic Society 87th Annual Meeting in Cincinnati, Oil. May 5-9, 1985.

15. Pyzik, AJ. and Aksay, I.A. "Processing of I ligh Toughness Boron Carbide - Aluminum Composite,"

presented at the American Ceramic Society 87tiz Annual Meeting, Cincinnati, OIl, May 5-9, 1985.

16. Cesarano, J. and Aksay, I.A., "Interaction of Polymethacrylic Acid with a-A12 0 1 in Aqueous Sus-

pension," presented at the 59th International Conference on Surface and Colloid Science, Clarkson

University, Potsdam, NY, June 24-28, 1985.
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17. Sarikaya, M., Pyzik, A.. and Aksay. I.A., "Effect of Secondary Phases on the Properties of B4C-AI
Composites," presented at the American Ceramic Society Pacific Coast Regional Meeting, Irvine, CA,
October 27-30, 1985.

18. Pyzik, A.. and Aksay, I.A., "Processing, Microstructure, and Mechanical Properties of Boron Carbide
- Aluminum Alloy Composites," presented at the 38th Pacific Coast Regional Meeting of the American
Ceramic Society, Irvine, CA, October 27-30, 1985.

19. Sonuparlak, B., Sakai, M., Yasrebi, M., and Aksay, L.A. "Processing Method to Retain the Strength
of Fully Dense State in Porous Ceramics," presented at the 38th Pacific Coast Regional Meeting of
the American Ceramic Society, Irvine, CA, October 27-30, 1985.

20. Milius, D., Pyzik, A.1, and Aksay, I.A., "Processing and Mechanical Properties of A1B 2-AI Compos-
ites," presented at the 38th Pacific Coast Regional Meeting of the American Ceramic Society, Irvine.

CA, October 27-30, 1985.

21. Aksay, I.A., "Forming of Ceramics with Submicron Size Powders," presented at the 13th Automotive
Materials Conference, Processing of Aulomolive Ceramics. University of Michigan, Ann Arbor, Mich-
igan, November 6-7, 1985.

22. Aksay, i.A., Shinohara, N., and Sonuparlak, B., "Processing of Mullite Ceramics," presented at the
88th Annual American Ceramic Society Meeting, Chicago, IL, April 27-May I, 1986.

23. Yasrebi, M. and Aksay, iA., "Processing of Dense Ceramic Bodies from Ceramic-Organic Binder
Compacts," presented at the 88th American Ceramic Society Meeting, Chicago. II., April 27-May I,

1986.

24. Shinohara, N., Sonuparlak, B., and Aksay, I.A., "Processing of Mullite Ceramics," presented at the
88th Annual American Ceramic Society Meeeting, Chicago, II., April 27-May I, 1986.

25. Gallagher, D. and Aksay, I.A., "Solvent and Surfactant Fffects in Co-lispersion," presented at the
88th Annual American Ceramic Society Meeting, Chicago, IL., April 27-May I, 1986.

26. Sarikaya, M., Aksay, I.A., and Pyzik, A., "Microdesigning of Ceramic-Metal ('Cmposites," presented
at the Ceramic Microstructures '86: Role of Interfaces Symposium, Berkeley, CA, July 28-31, 1986.
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27. Sarikaya, M., "lligh-Resolution TEM Studies of Mullite Formation in Metakaolinitc," presented at

the 44th Annual Meeting of Electron Microscopy Society of America, Albuquerque, NM, August

10-15, 1986.

28. Dabbs, D.M. and Aksay, I.A., "Infrared Transparent Mullite for Use Above 1600°C," presented at

the 30th Annual SPIE Technical Symposium on Infrared & Optical Transmitting Materials, San
Diego, CA, August 18, 1986.

29. Dabbs, D.M. and I.A. Aksay, "FTIR Characterization of Mullite-Forming Gels," presented at Amer-
ican Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October 22-24, 1986.

30. Gallagher, D. and I.A. Aksay, "Surfactant Adsorption on B4C and Al Interfaces in Nonaqueous

Solutions," presented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA,
October 22-24, 1986.

31. Ilirata, Y. and I.A. Aksay, "Long Range Particle Segregation in Colloidal Filtration," presented at

American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October 22-24, 1986.

32. Shinohara, N. and I.A. Aksay, "Sintering and Cracking Behavior of Boehmite with a-A12 0 3 Additive,"

presented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October
22-24, 1986.

33. Shinohara, N., I.A. Aksay, and B. Sonuparlak. "Sintering of Monolithic Mullite Gel from Boehmite
and TEOS," piesented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle.
WA, October 22-24, 1986.

34. Yamada, R. and I.A. Aksay, "Translucent Mullite Ceramics Fully l)ensified at 1250°C," presented at

American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October 22-24, 1986.

35. Sonuparlak, B. and I.A. Aksay, "Processing of Mullite Matrix Composites," presented at American

Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October 22-24, 1986.

36. Cesarano IlI, J. and I.A. Aksay, "Aspects of Polyelectrolyte Stabilization and Aqueous Suspension
Processing," presented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle,

WA, October 22-24, 1986.

37. Aksay, i.A. and D.I. Milius, "Impact Resistance of B4C/AI Composites," prescnted at American

Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October 22-24, 1986.
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38. Aksay, L.A. and D.L. Milius, "Input Resistance Of D4 C/AI Composites," presented at American
Ceramic Society 39th Pacific Coeast Regional Meeting, Scattle, WVA, October 22-24, 1996.

39. Laoui, T., M. Sarikaya and l.A. Aksay, "Characterization of a New Phase in Al-B-c: Ternary System,"
presented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA, October
22-24, 1986.

40. Kim, Gil., M. Sarikaya and l.A. Aksay, "Characterization and Eractography of 134C-Al Alloy
Cermet," presented at American Ceramic Society 39th Pacific Coast Regional Meeting, Seattle, WA,
October 22-24, 1986.

41. Sarikaya, M. and l.A. Aksay, "Iligh Resolution rransmnission. Electron Microscopy Investigation of
the Interfaces in Ceramic-Metal Composites." presented at American Ceramic Society 39th Pacific
Coast Regional Meeting, Seattle, WVA, October 22-24, 1986.

7.2 Publications

1. Sarikaya, NJ., LA. Aksay, and G. Thomas, " High Resolution Microscope Characterization of Interfaces
in Ceramics," Advances in Materials Characterization, 11. Eds. R.L. Snyder, R.A. Condrate, Sr., and
P.F. Johnson (New York: Plenum Publishing, 19R5).

2. Ilan. C., LA. Aksay, and 0.1. Whittemore, 'Characterization of Microstructural Evolution by Mercury
Porosimetry," Advances in Materials Ch;aracterizationi, /I. Fds. R.. Snyder, R.A. Condrate, Sr., and
PUF. Johnson (New York: Plenum Publishing, 1985).

3. Ilialverson, 1)., A.J. Pyzik, and I.A. Aksay, "P'rocessing and Microstructural Characterization of
l34C-AI Cermnet," Ceramic Enrgineering & Science Proceedings, Vol. 6, No. 7-8 (July and August, 1985).

4. Aksay, l.A., "Fundamentals of Powder Consolidation in Colloidal Systems," in Ceramics Today and
Tomorrow, Eds. S. Ilaka, It. Soga, and S. Kuma, Ceramic Society of Japan, Tokyo, Japan, (1986),
pp. 71-85.

5. Shinohara, N., l).M. lDabbs, and l.A. Aksay, "Infrared TIransparent Muillite Through Densification
of Monolithic Gels at 1250'C," SPIE Infrared and Optical Transmuhting Materials, Vol. 683, 19-24
(1986).
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6. Sarikaya, M. and LA. Aksay. "I igh Resolution [FM Studies of Mullite Formnation in Mectakanlinite.'
Proceedings of 45th Annual Meeting ofthei Electron MAicronscopy Society, of America, G.W. Btailey, cd.,
San Francisco Press (1987).

7. Sonuparlak, B., M. Sarikaya, and I.A. Aksay, "Spinei Phase Formation at thc 980'C Exothermic
Reaction in the Kaolinite to Mullite Reaction Series.'J Ifni. (Cram. Soc._ tn be published, November
(1997).

8. Shib, WV., l.A. Aksay, and R. Kikuchi, "Phase Diagrams of Charged Colloidal Particles," . Che.
l'hys. 96191, 5 127-32 (1987).

9. Sarikaya, M.. 1'. Laoui, D.L. Milius, and LA. Aksay, "Identification of a New Phase in the Al-C-fl
Tlerniary by Iligh Resolution Tranismission Microscopy," Proceedings of the 45th1 Annual Afeeting of
the Electron Microscopy Society of America. (;.W. Bailey, ed., San Francisco Press (1987).

10. Cesarano, J. 111, L.A. Aksay, and A. Bleir, "Stability of Aqueous n-A120.5 Suspension%," Submitted

to J. Am. Ceram. Society, accepted for publication (1987).

It. Cesarano, J. Ill, and l.A. Aksay, "Interactisons Between Polyelectrolytes and Oxides in A\queous
Suspensions." In "Surface and Colloid Science in Computer 'Technology,", K.IL. Mittal, ed. (Newv
York: Plenum Press, 1987).

12. Aksav, I.A., W.Y. Shih, and M. Sarikays, "Colloidal Processing of Ceramics," Proceedings of the
Third International Conference on Ultrasinrcure Processing of Ceramics, Glasvses, and Composites, held
in San Diego, CA, February 23-27, 1987.

13. Shih, W.Y., I.A. Aksay, and R. Kikuchi, "A Reversible Growth Model: Cluster-Cluster Aggregation
with Finite Binding Energies." In press: Phys. Rev. A, (1987).

14. Cesarano, J. IlI, and l.A. Aksay, "Processing ofas-A1203 with Hlighly Csoncentrated Aqueous Alumina
Suspensions." Submitted to Am. Cer. Soc. Bulletin (1987).

15. Pyzik, A., l.A. Aksay, and M. Sarikaya, "Microdesigning of Ceramic-Metal Composites," in Ceramnic
Microstructures, '86 I.A. Pask and A.G. Evans, eds., Plenum Press, NY (1997).

16. Aksa'y, L.A. and R. Kikuchi, "Structures of Colloidal Solid-,," in Science of Ceramic Chemical Pro-
cessing. L.L. Ilench and l).R. Ulrich (eds.), John Wiley and Sons, New York (1986), pp. 513-2L.
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17. Ilalverson, D., Al. Pyzik, I.A. Aksav, and W.F. Snowden, "'Processing of Boron Carbide Aluminum,"

Adv. Ceram. Aat.., in press (1987).
Papers in Preparation

18. Liu, J., W.Y. Shih, R. Kikuchi, and I.A. Aksay, "On the Clustering of Binary Colloidal Suspensions,"
to be submitted to J. Colloid Interlace Sdi. (1987).

19. Ilan, C., and 1.A. Aksay, "Sintering of Bimodal ox-A120 3 Compacts" to be submitted to J. Am.

Ceram. Soc. (1987)

20. llirata, Y. and I.A. Aksay, "Long Range Particle Segregation in Colloidal Filtration" to be submitted

to J. Am. Ceram. Soc. (1987)

21. Sonuparlak, B., and 1.A. Aksay, "Iligh Strength Porous Ceramics: i. Processing" to be submitted to

J. Am. Ceram. Soc. (1987)

22. Sakai, M., B. Sonuparlak, and I.A. Aksay, "l'orous Al20 3 with Controlled Pores: I1. 'l'he Effects of
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23. Shinohara, N., and L.A. Aksay, "Processing of Dense Al20 3 Through Gelation: 1. Cracking Problem."
to be submitted to J. Am. Ceram. Soc. (1987)

24. Shinohara, N. and I.A. Aksay, "Processing of Dense Al 203 Through Gelation: i. Densification

Kinetics." to be submitted to J. Am. Ceram, Soc. (1987)

25. Shinohara, N., M. Sarikaya, and I.A. Aksay, "Low Temperature Sintering of Mullite Through Sol-Gel
Processing from Boehmite-TEOS." to be submitted to J. Am. Ceram. Soc. (1987)

26. Sarikaya, M., and I.A. Aksay, "lligh Resolution Electron Microscopy Characterization of Ceramic-

Metal Interfaces," to be submitted to J. Am. Ceram. Soc. (1987)

27. Pyzik, A. and I.A. Aksay, "Relations Between Microstructure and Some Mechanical Properties on
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30. Yogo, T. and I.A. Aksay, "Mullite Synthesis from Aluminosiloxane Polymer," J. Am. Ceram. Soc..
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INTERACTIONS BETWEEN POLYELECTROLYTES

AND OXIDES IN AQUEOUS SUSPENSIONS

Joseph Cesarano III and Ilhan A. Aksay

Department of Materials Science and Engineering
University of Washington

Seattle, Wahinton 9195

Colluioai aftaiittv, of aqueous a.AltO 1 suspensions with poylymethacrylic acid
(PM.AA I was stuaied in the pH range of 3 to 10. itabdtt,¢ is reiated to the adsor

ton of P3.4.4 on o-.41:03 as controlled by the chemistries of both the o-.41:0)

surface and the P 11.4 4. The adsorption behatior of PMA.4 on o-AlOi is ba.
sically * igh afinity" type near and below the zero point of charge of o-.Al01
(pH 9.7). .4 stability map was determined which outlines the criticai amount oj

adsorbed P.11.4.4 required to achtieve aisperston.

LNTRODCTION

Polheiectrol'tes are widely used in industrial applications to prepare Mighly concentrateo
(> 50 v o) ceramic suspensions which are subsequently fabricated into dense components
by sintering. Although a variety of polvelectrolytes are commercially; asailable and are useq
effectively in the preparation of suspensions, their role in colloidal stabilization is not clearly
understood.

In this paper, we aim to provide a clearer understanding of particle dispersion with ad-
sorbed polyelectrolytes and relate it to the surface chemistries of the suspended particles and
the polyelectrolyte. Aqueous oxide suspensions will be considered as a general example. The
particular emphasis will be on the dispersion of a-A1203 sispensions with polymethacryilc
acid (PMAA).

BACKGROUND INFORMATION

(1) Polyelectrolytes

A polyelectrolyte is a polymer that contains ionizable functional groups which are capa-
ble of dissociating into ionized charged sites. A typicet polyeleetrolyte structure is shown in
Fig. 1. In general, there are three types of polvelectrolytes. Anionic polvelectrol ytes con-
tain acid groups which can ionize to form negative sites. e.g., -COO- or -OSO. Cationic

Jk3



pol electrolytes contain basic groups that form positive sttes. eg.. .NH7 Poie lectroiv,

which have both acid and basic groups are termed pol)ampnos es and can be negatit eiv or

positively charged. Since polselectro tes are ionic in nature tney are KenerailY water soluDle.

In aqueous systems, the solution behaior and the extent to which the functional grouns

dissociate and the overall charge of the poivmer are dependent on tt.e surrounding pH and

ionic strength. Lsing polvmethacr%lic acid (PIAAI as an esample (Fig. I, each acid group

on the polymer chain will have its own etfective dissociation constant (px); therefore, the

fraction of the functional groups which are diisociated (a) wtil be dependent on the PQ values

and the pH.

CHI CHI CHI

-- C-- CIH2 -C - CI: - -C C :--

COO- COO- COO"
Va" .'a .No

For each acid group:

R-COOH - 1120 R-COO - H30-

Q (R-cO0-)(HiO-)
(R.C00H)

pQ = -loqQ =pH - log (I_)

Fig. 1: Structure and dissociation reaction for polymethacrylic acid - Na salt.

(2) Surface Charging of Oxides

When a metal oxide powder (i.e., A1 20 3) is placed in an aqueous medium, surface reactions

take place until equilibrium is established between the solid and the aqueous medium. This

can be viewed as a two step process: formation of surface hydroxyls due to surface hydration.

followed by ionization of these hydroxyl groups to yield a positively or negatively charged

surface depending on the pH of the solution.
t

Many authors have modeled the dissociation of the hydroxide surface to yield a positively

or negatively charged surface. The common explanatiun is that the surface sites ionize to form

positive and negative sites and the resulting sites the% react with counterions in solution.'-

In general. the dissociation of the surface hydroxyl groups is represented as:

r -



%fol:iz %ol - H~ K1 X, VI _1 and I

.%o mo- - H .,K

where.

Nl is a surface metal ton site

..lOH* is a neutral. hydroxvlated surface site
MiOH: is a positive surface group

MO 0 is a negative surface group

H; is a proton located at the suArface, and

X1%: are Lhe respective equilibrium reactions constants.

The reactions above show that at low pH values the reactions si1i Proceed to the !eft

and the formation of positive MIOH: surface Sties wlil be dominant. Simitiariv. at high PH

pvalues, lo- concentration of If,)I the reactions will proceed to the right and the formation of

negative AJO -surface site% witi be dominant. It shooid be voted that at any given piri there

are equilbrium concentrations il all of the surface cieries ii.e.. A101U . '%fol 'k rl)

Frexatttbie. at high PH valuies tn~ere are mostly .At() sates but depend ng tin trip eaxt~oui

constants there can still be .vppreciaoie concentrations of MIOH-V and .%toil,- sites. %t a

characteristic PH. the concentrations ot .11011$' and MOti ties w-ii be roual and tle overall

net surface cnarge will be zero. This characteristic pit fo A at en matersi is termed the zero

point 01 charge lipc I fur that material. For pH vaiues oetuw the zpc. the net surface chare

is positive and abose trie zpc the net surface chiarge is negative.

In general. the charct~ceristic PH for the zpc for a gisen ixide is strongiy dependent on the

relative basic and acidic prabertieS af tthe s5i11d. The ( rystaiine iorm. material DrePPALation.

and the degree of surface h~droxviation %ili also affect tne inc. For esAitPie. tt.C toe lor

*lt,0 has been reported to be from. 6.5 to 9

(3) Polyeloctrolyto Adsorption Behavior

When charged polymers are adsorbed onto oxides to cause iiocculation or stabilization.

it js generally true that electrostatic interaction is the primary adsorption mecranism. In

other words. polselectrol~tes adsorb; mucrl more appreciati), when oppositeiy charged to taie

solid adsorbent. When the polyelectrolyte and solid are similarly charted. some adsorption

can still occur, but this adsorption is comparatively low.

Some typical examples of polytlectrolyte adsorption on asides are given below. In the
Rotation industry, the percent recovery of a mineral is related to how efficiently the collector
(anionic or tationic surfactant) is adsorbed. As shown in Fig. 2, the percent recovery a~nd
adsorption of anionic and cationic surfactants) is mainly dleiermined by the surface chargte
on goethite (H FeO,). Therefore. PH is the most important variable. Meow pH 6.7 goethite

is Positively charged and above pH 6.7, it is negatively charged. Therefore, it is cleaely
shown that the collector must be anionic when the solid :s positively charged and cationic
when the solid is negatively charged. Flotation ceases at pzH 12.3 as a result of hydrolysis of
the cationic surfactant at such a high pH.10 Therefore, it can be concluded that the basic
adsorption is electrostatic in nature and involves the ionizeti form of the surfactant. Modi and
Foerstenau

t ' have shown that these phenomena hold for corundum I:l0 3). and Iaai

Cooke. and Choi"~ have shown that the Rlotation of hematite (FeO 1 ) can be esfilaies by

these principles.
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studied Ehe adsortritin of anionic poisacr'ic acid (P.ki on

rutule (T.O'), hematite. an silica as a function at ph. The amount of PAA adsorbed on

Fe2 O3 is shown in Fig. 3. The zpc of Fei 1 occurs at pH 4.3 and the adsorption decreases

to near.zero values at pH values above 8.3. Similar adsorption behavior was found for 1Oz

which has a zpc of 6.3. No adsorption in the pH range 3-9 was observed for silica which hi a

zpe at approximately pH 2.5. In conclusion, for PAA adso-ption on oxides it was determined

that the PAA adsorption plateau level decreases with increasing pH until near-zero values

of adsorption occur near the zpc of the oxide but some specific adsorption still occurs at the
zpc. It was also determined that positive zeta potentials are reversed to negative as PAA is

adsorbed.

Lopatin" found similar behavior when polymethacrylic acid (PMtAA) was adsorbed onto

anatAe jTiO:). It was suggested that the adsorbed molecules form a monolaver of interpen-

etratin K coils and that electrostatic bonding to anatase, which is positively charged on the
acid side of an i-oelectric zone between pH 4 and 6. is'the primary mechanism for adsorption

at pl values from 2 to 4. Below pHf 2. entropy effects and hydrogen bonding may be 'he

dominant factors; above pH 4. adsorption falls rapidly to zero.
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EXPERIMENTAL MATERIALS AND METHODS

In order to more clearly unify the concepts prevousiv discussed for a working system.

some experiments were conducted using poivmethacrilic acid as the poluelectrolyre and o-
.,".03 as the colloidal powder.

(1) Materials and Chemicals

The Va- salt of poimethacrlic acid IPuAA-N&Y used had an average molecular
weight of 15.000 (Fig. 11. The alumina powoer used was a very high purity o-Al 203 .* The

average particle diameter -as 0.37 rn and the surface area was 5.9 m. 9,

The water used was distilled and deionized. Adjustments of pH were completed with
analytical grade MCI and .oaOH solutions and ionic strength was adjusted with NoCI as
desired.

(2) Potentiometric Titrations

To measure the fraction of dissociated COO1 groups (o) uersus pH for PIA k-Na and

the surface charge (a) sersus pH for AI2 0, potentio-netric titrations of the control elec-
trolytes were compared to titrations of the sampies. t

*Polyscjen ee. Inc. Pttbuerh. PA.

tSanruome Chtmwcad Amerra. Inu.. New York. NY (AKP.30; > " 999n pure).
lRdiomneier TRS022 aomtornt,( taratiO urut. Radiometer, Copelnhatn. Denmak.



This procedure of using potentiometric titrations to determine surface chemistries is

clearly outlined by Hunter." Titrations are completed on a blank electrolyte solution and

electrolyte solution with a known amount of sample. The difference between the amounts of

titrant added to obtain a certain pH is the amount of titrant that reacted with the sample.

With this information both the fraction of functionai groups dissociated on polymers and the

surface charge on ceramic powders can be easiiy calculated.

The titrations were completed in a nitrogen atmosphere and in each case 40 ml samples

had known but small volumes of PNL..-Na (< 0.1 g) and .A1,03 (< 2 voi 'c) and when

necessary NaCI solutions were used to adjust ionic strengtn. Prior to titration, the .41203
powder was cleaned to remove soluble ions using soxhlet extraction. With this technique the

powder is continuously washed with freshly distilled water.

(3) Adsorption Isotherms

The adsorption of PMAA-a on a-alumina %as also determined using the titration unit.

Suspensions of 20 vol "o A1,0 3 were prepared with various amounts of PNIAA at various

pH values. The samples were then put into a gentle mecnanicai shaker for approximatelv 24

hours and then centrifuged for 45 minutes at 2000 RPMI. . known amount of suoernatant

was then analyzed by titration to determine the amount of P.IAA left in solution.

(4) Settling and Zeta Potential Experiments

Settling experiments were completed with 2 vol - AlO2 suspensions. Various amounts

of PMAA-.a aere added to the suspensions and were then ultrasonicated and magnetically

stirred for at least 4 hours. Suspensions aere then poured into graduated cylinders and after

several da) s the final sedimentation cake heights were recorded.

Zeta potential measurements of each sample described above were compieteo with a

Micro-EIecrnphoresis Apparatus.' These measurements can only be completed on very di-

lute suspensions. Therefore, it was very important that the 2 vol % .41203 samples were

centrifuged and the supernatant carefully decanted into a beaker. Then a portion of the

sediment was remixed with the supernatant. Prior to taking the measurements the new di-
lute suspensions were very briefly ultrasonicated and magnetically stirrea for 15 minutes to

ensure that only singlet particles were measured. At least ten measurements were completed

for each sample to ensure accuracy.

(S) Viscosity Measurements

Viscosity measurements of the suspensions were done with a rotary viscometer.'

R ARk Brothers. BotLishastm. Cambridge. Engllid.

tBrookfield Engineering Labotoret., Inc. Stougihton. .,A.



EXPERIMENTAL RESULTS AND DISCUSSION

(1) Surface Chemistry of PMAANa and a-.41.O1

The polvelectrolyte polymethacrylic acid-Xo- salt (PNIAA-Na) (Fig. I), Aith an average

molecular weight of 15.000. has approximately 138 available carboxyiic acid sites or functional

groups per molecule. Depending on the solvent concitions Ii.e.. pH and ionic strength), the

fraction of functional groups which are dissociated (i.e., COO-) and those which are non-
dissociated (i.e.. COOH) will vary. As the fraction dissociated Ia) increases from - 0 to

1.0. the polymer surface charge varies from relatively neutral to highly negative. Therefore.
the behavior of the polymer in solution is also dependent on the solvent conditions. Fig. 4

shows the fraction of dissociated acid groups as a function of pH and background NaCI

concentration. As the pH and salt concentration increase, the dissociation and negative

charge characteristics of the polymer increases.

Fig. 4 shows that at pff values of > S.5 the PMAA is effectively totally negative witn
a 1 1. In this condition, experimental evidence snows that the PMAA molecules are in the

form of relatively large expanded random coils in solution." This resuits from eiectrostatic

repulsion between the negatively charged surface sites. As phi is decreased the number of
negatively chargeo sites also continually decreases until the P\IAA is effectiveyi neutral near
pH 3.1 and o .- 0. In this condition tne PIAA chains approach insoiubility and form

relatively small coils or clumps.1
6

A plausible explanation for the role of salt concentration on the degree of dissociation is
that the presence of salt results in electrostatic shielding beteen negativeiy cnarged sites on

the PMAA and this causes a decrease in the probability of ha%ing non-dissociated acid groups

(i.e., COOH) as explained below. At a given pH. the s.stem is in a dynamic equilibrium
state where any given acid group is part of the time dissociated and part of the time non-
dissociated but the overall fraction dissociated remains constant. Upon an increase in sait

concentration, the probability of COO- groups being stable . an surrounding .No- ions in

close proximity increases and therefore the pronabiiitV of 1110- ions reacting with available
COO- groups to form COOH decreases. Therefore. upon dissociation, it is more oitficult for

CO0- groups to reform to COOH and the dynamic equilibrium is shifted to a higher fraction

of dissociation. Similarly, salt decreases the activitN of f30- . lch shifts the equiiibrium

towards more dissociation as shown in Fig. 1.

Fig. 5 shows a measure of the relative charge density lo on the surface of the .41.01
particles as a function of pH. At every pH, there is a large number of positive, neutral, and
negative sites. The or value gives the overall net charge density. At the zpc. the number

of positive sites equals the number of negative sites and the net charge equals zero. For
o-A120 3 , the zpc is at approximately pH 8.7. Both a values and the zpe are in very close
agreement to that of Hasm.L"

In Fig. S a comparison with Fig. 4 indicates that there should be a great deal of
electrostatic attraction between the negatively charged polymer and the positively charged
A120 3 particularly in the pH range from 3.5 to !.7. This will be related to adsorption below.

(2) Adsorption of PNMAA-Na OA o-AIO

Fig. 6 shows the resulting adsorption for various pH values plotted as mg PMAA adsorbed
per mr surface area of .41?0 versus the initial amount of P\tAA-Na added (on a dry %eignt
basis of A201). The solid diagonal line represents the adsorption behavior that would occur

I.
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if 100'i of the PI.AA added were to adsoro.

It is clearly shown that the amount adsorbed increases greatlv with decreasing pH. This
is in agreement with recent polyelectroi.Lte adsorption theor developed by Van der cnee
et al.i'i9 as explained below. For pH values above the zpc. o is approximately I and tne
negatively charged sites on the polyeiectrolvte chains tend to repel each other. This repuiion
suppresses the formation of loops in the adsorbed conformation. Consequently, the poiverec-
trolyte chains adsorb in a relatively flat conformation with each chain covering a relativelv
large amount of surface area. It should be noted that there still can be polvelectrolyte tails
extending into solution even though the formation of loops is inhibited. The determined
values for polyelectrolyte adsorption in this configuration were on the order of a few tenths
of a mrg/m. As the pH is decreased and o approaches 0 (Fig. 4), the polyelectrolyte chains
become uncharged and the formation of loops in the adsorbed configurations is enhanced.
Thus, the covered surface area per adsorbed chain is relatively small, and it takes more ad-
sorbed chains to form a saturated monolayer. Commonly measured values of this type of
adsorption are a few rng; m - which is in agreement with the experimental results.a

Fig. 6 also shows that there is a difference betwe-n the adsorption behavior above the
zpc and below the zpc. For pH 9.S, there is a gradual attainment to the saturated adsorption
plateau: but. at pH 8.2 and below plateau adsorption is reached without having any appre.
ciable PMAA left in solution. Therefore, it is conclud!ed that at pH values near and below
the zpc. the adsorption behavior is basically 'high aflnity" type adsorption where ciractically
all of the PIAA which is added adsorbs on the surface and follows the 100% line until a



saturation plateau level is reached. Only after that limit does non-adsorbed PNIAA become
appreciably present in solution. This also agrees with adsorption theor, when there is an

added electrostatic influence for adsorption and a negative or partl. negative polvelectrolv Le

adsorbs on a positively charged surface.
19 

Above the ztc. due to similar net cnarges. a barrier

for adsorption exists, so that in order to adsorb appreciable amounts of PMNAA there has

to be a corresponding equilibrium concentration of PNIAA in solution. Adsorption in tis

region is due to the presence of positive surface sites even though the net surface charge is

negative.

Fig. 6 also shows that the presence of backgroun salt can slightly increase the adsoro-
tion. This occurs because the background salt has an eectrostatic shielding effect between

negatively charged sites on the PMAA thereby causing the chains to behave more lake un-

charged polymers and enhancing the develooment of loops. This type of behavior is commonly

observed in many systems and is in agreement with adsorption theory.
t

"
t 

It should also
be noted that even with 0.1 M NaC concentrations stable suspensions are achieved after

saturation adsorption occurred.

The degree of reversibiiity of this system is indicateo by the y and * puints in Fig. o.

At these points, the suspensions were made at the initial plt values indicated ano saken for

4 hours. The suspensions were then adjusted to the indicated pH values and shaken for 20

or more hours before an anal.sis was compieted. The system which is initially at pH 9.9 and

then adjusted to pH 8.1 adsoros a final amount which is consistent with wrat is expected
if the initial pH is already 8.1. This is expected since at pli 9.9 there is appreciable non-
adsorbed PMAA in solution which could be easily adsorbed once the pH is lowered. A change

in the configuration of the adsorbed PMAA may occur but there are no observable changes

in the suspension behavior. On the other hand. when the initial pH is 8.0 and then adjusted

to 9.6. total reversibility is not observed but oniv part of the expected PNIAA desoros. This

shows that the PNIAA is relatively strongly held on the A1,01 surface. It also shows that
with time most of the PMAA can desorb. at least for pH vaiues near and above the zpc.

(3) Consolidated State

The effect of incomplete adsorption and flocculation on the consolidated state was deter-
mined by sedimentation and centrifugation experiments. Fig. 7(a) shows that trace amounts
of PMAA-Na (< 0.25 (Z) induces flocculation and large sedimentation volumes. This re-

suits because the binding energy between the particles is high and the particle clusters that

form during consolidation behave as rigid flow units and do not pack densely.-I In contrast,

at concentration levels of approximately 0.35-0.5%1 PMAA-Na, the binding energy between

particles is low and the particle clusters display relatively denser packing structure,2t

These data are also correlated with the zeta potential measurements for the same systems.

Fig. 7(b) shows that with increasing polymer content. tLe zeta potential decreases to zero
and then reverses sign. Above 0.5% polymer, the zeta potential approaches a nearly constant
value. This is due to saturated monolayer adsorption of the anionic polelectrolyte.

If one correlates the data from Figs. 7(a) and (b) it can be concluded that with small ad-
ditions of P,IAA-Na (i.e.. < 0.1%) there is charge neutralization and subsequent flocculation.

In this region flocculation is mainl) due to electrostalic patch model flocculation whereby
flocculation takes place because negatiselv charged patches due to the adsorbed polyriec.

trolyte are attracted to positisely charged patches of surface on other particles. When the
molecular weight is relatively low then maximum flocculation occurs when the zeta potential
is approximately zero. This type of behavior is discussed by Bleier and Goddard-. In the
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range 0.1 to 0.3 - PIAA-Na. flocculation is due to a combination of two effects: (1) the zeta
potential is relativel 'Y low in magnitude. and (2) incomplete adsorption results in polymer
bridging where two or more particles can be mutually adsorbed by polymer chains.

It can also be concluded that the P.MAA results in more efficient consolidation. Upon
settling, the pure A1203 case (0% polymer) shows a larger sediment volume than the system
with 0.4% polymer added even though the zeta potentials are -48 mV and -33 mV, respec-
tively. The stability determined by settling rates and sedimentation heights do not appear to
be equal until zeta potentials of > 58 mV are reached for the pure A1203 Suspensions. This
means that the increased stability and dispersion of the O.4" polymer system may be due to
an enthalpic steric stabilization interaction in combinationt with the repulsion effect due to
electrostatics. These mechanisms together can be termed electrosteric.

From these results some preliminary conclusions can be made: (1) only very minute
amounts of PNIAA-,Na are necessary to flocculate A120 3 'uspensions. (2) a critical amount
of P.MAA-,Na is needed before stabilization occurs, and (3) PIAA-,Na does indeed provide
an enhanced stabilization effect.
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(4) Stability Map for PMAA-Na/..12Qs System

With the above information and the adsorption data in Fig. 6 a stability map was con-

structed and is shown in Fig. 8.

Fig. 8 is a plot of the amount of PMAA adsorbed at the plateau leveis versus pH. In

other words, for any pH near and below the zpc. it is a measure of the amount of PMAA

which must be adsorbed to achieve a stable suspension. Regions above the curve are -table

and dispersed. Regions below the curve are unstable and show an onset to flocculation. The

reason for the assumed steep decrease in adsorption at pH 3.3 is because of observed viscosity

decreases. For example, as pH is decreased on samples which are initially stable, the viscosity

noticeably increases when crossing the stability, instability boundary region. This is expected
since at those lower pH values, it takes more PMAA to maintain a stable suspension and
these suspensions are below that critical level. This is the same as moving to the left from a
stable region on Fig. 8 and entering the unstable region. Once the pH is decreased further

to pH 3.3. deflocculation reoccurs and viscosity sharply decreases and approaches that of a

system stabilized at pH 3.3 without any PMAA present. Since at pH 3.3 A1:01 is stable
without the presence of PMAA due solely to electrostatic interactions, it is believed that

there are a combination of two possible mechanisms for the observed restabilization of Al:O
below pH 3.3 in the presence of PMAA. One explanation is that below pH 3.3 the PNIAA
sufficiently desorbs since this is also the pH at whicl, the P\IAA loses its negative charge
and approaches that of a neutral polymer thereby losing a strong driving force for adsorption

(Fig. 4) and losing its solubility. Concurrently, some PNIAA may still be adsorbed but

the effectively neutral polymer layer may be small enough so that the electric double layer



Table I: Rheology data at various pH's for
20, o AKP-30 suspensions with 0.31'.1' (dwb)
of PMAA-Na MW 15.000.

pH nrpI at 10 RI'lf
5.2 1630
7.4; < 10
8.7 < 10
9.3 < 10
9.: < 20
10.2 < 10

(formed by the highly positive Ai.03 surface) may extend past the polymer laver. In this
way, electrostatic stabilization due to electric double laver interactions can still occur.

Table I illustrates the transition from stability to mstablity based on viscosity mea-
surements. A series of sampies with .3l2- PMAA were prepared at various pH ,aiues.
Viscosities above pH 7 are .. 10 cp while the viscosity at pH 5.2 is more than two orders of
magnitude greater. indicating locculution. This is in agreement -itn Fig. 8 which shows a
stability instability transition at - pH 7 for 0.312 - PMAA.

CONCLUSIONS

1. The adsorption behasior of pol~methacrviic acid on alumina is very much dependent
on solvent conditions ano the surface charge characteristics of the PMAA and .41.03:
as pH is decreased the adsorption of PMAA increases until insoiubility and charge
neutralization of the PM,.4A is approacned: for pH values near and below the zero point
of charge for .41,03, there is an added electrostatic attractive potential for adsorption

which resuits in a high air..:y type adsorption behavior.

2. For pH values near and below the zpc. PMAA induces flocculation until an adsorption

saturation limit is reacned and the binding energy between particles is reduced beiow

a critical level.

3. Once saturation adsorption occurs and stability is achieved, the PMAA induced stabi-
lization shows an enhanced stability as compared to suspensions stabilized electrostat-
ically without the presence of polyelectrolytes.

4. The stability map introduced here can be a useful processing tool for tailor-making
suspensions with varying amounts of polymer from low to high pH's depending on the
desired properties.
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ABSTRACT

Stability of aqueous a-AZ 203 suspensions with Na+ salt of polymeth-

acrylic acid (PIMA-a) polyelectrolyte was studied as a function of

pH. At a given pH, the transition from flocculated to the dispersed

state corresponded to the adsorption saturation limit of the powders

by the PMAA. As pH was decreased, the adsorption saturation limit

increased until insolubility and charge neutralization of the PMAA was

approached. The critical amount of PNAA required to achieve stability

is outlined in a stability map.

* Presented at the 87th Annual Meeting of the American Ceramic

Society. Cincinnati. OR. May 7. 1985 (095-B-85).

** Operated by Martin Marietta Energy Systems. Inc., for the U.S.

Department of Energy.
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I. INTRODUCTION

For many applications in ceramic processing it is desirable to sinter

at relatively low temperatures and to obtain fully dense and fine grain

microstructures. One method by which these goals can be accomplished is

by using submicron size particles. In order to achieve a uniformly conso-

lidated compact, it is also advantageous to use dispersed colloidal sus-

pensions which contain upwards of 5C vol Z solids while still maintaining

relatively low viscosities of less than 1 Pa-s.

In general, suspensions can be dispersed by electrostatic. steric, or

electrosteric stabilization mechanisms.1 Electrostatic stabilization is

accomplished by generating a common surrace charge on the particles.

Steric and electrosteric stabilizaticn. on the other hand. are achieved by

adsorption of polymeric additives which serve to form 'protective

colloids'.

The main problems, related to ceramic processing, that were found to

exist in electrostatically stabilized systems derive from aging effects

and complications of processing multiphase systems. 2 The aging effects

are commonly due to the solubility of particles in the suspending medium.

For instance, in the case of suspensions prepared with HO under acidic or

basic conditions. pH changes with tize due to the solubility of the

particles.2 These pH changes can drastically influence rheology and

suspension behavior, sometimes within a relatively short time frame of

minutes to hours. 2 A second problem with electrostatically stabilizing

suspensions which have more than one phase is that it is difficult, if not

impossible, to find a pH range in which all of the particles have a

substantial surface charge of the same sign so that irreversible agglome-

ration is prevented.3 In general, ceramic suspensions can be stabilized

electrostatically; but, improvement of the suspensions to better meet the

requirements necessary for ceramic processing is possible by incorporating

polymeric additions.

Industrial experience shows, for instance, that by using polyelectro-

lytes as dispersants or deflocculants. in highly concentrated oxide

suspensions, problems related to high viscosity, aging, and processing of

multiphase systems can be drastically reduced and that suspensions with

2



adequate fluidity can be prepared.
4 

However, in spite of these advantages

to using polyelectrolytes to stabilize suspensions, a great deal of mis-

understanding exists in the general ceramic community as to the funda-

mental roles of these polymeric additives. Thus, this investigation was

designed to elucidate the mechanisms of polyelectrolyte stabilization and

to relate them to the chemistry of the powder surface and the polycer

additive. An aqueous a-Al2 03 system with polymethacrylic acid (PMAA) was

chosen as the model.

II. MATERIALS AND EXPER.IMNTAL MET7ODS

1. Materials and Chemicals

The ceramic used in this study was of very high purity (> 99.995 %),

submicron size, and relatively monodispersed (0.2-1.0 Lm) a-Al2,03 powder.

The average diameter measured by an x-ray absorption/sedimentation

technique
r 

was 0.37 Lm. The average surface area as measured by standard

B.E.T. N.) adsorption5 was 5.9 m 2/g.

The polyelectrolyte studied was the Na* salt of polymethacrylic acid

(PMAA-Na) with an average molecular -eight of 15.000.
'
: Figure 1 shows the

PMAA-Na structure and that the functional groups are carboxylic acid (COCH)

groups.

The water used was distilled and deionized. pH was adjusted with

standardized analytical grade HCl and NaOH solutions (1.0 N and 0.1 N).

Analytical grade NaCl was used to adjust the ionic strength as desired.

*Sumitomo Chemical America, Inc.. New York, NY (AKP-30).

t
Micromeritics. Norcross, GA (Sedigraph 5000).

§Quantachrome Co.. Syosset. NY (Quantasorb).

IPolysciences, Inc., Pittsburgh. PA.
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2. Experimental Methods

(A) Potentiometric Titrations: To measure the fraction of dissociated

COOH groups (a) versus pH for PMAA-Na (Fig. 1) and the surface charge

versus pH for Al 203 , potentiometric titrations of the control electrolyte

solutions were compared to titrations of the polymer solutions and oxide

suspensions.*

This procedure of using potentiometric titrations to determine poly-

mer behavior and surface chemistry of solid is clearly outlined by Arnold

and Overbeek5 and by Hunter6 for oxides. Titrations were completed on a

blank electrolyte solution and the polyelectrolyte solution or suspension

with a known amount of sample. The difference between the amounts of

titrant added to obtain a certain pH was the amount of titrant that

reacted with the sample. With this information, both the fraction of

functional groups dissociated on polymers and the surface charge on

ceramic powders can be easily calculated.
5'6

The titrations were completed in a N2 atmosphere and in each case

40 ml samples had known but small volumes of ?MAA-Na (< 0.1 g) and A1 2 0 3

(< 2 vol %); and, when desired, NaCl solutions were used to adjust the

ionic strength. Prior to titraticn. the A12 03 powder was cleaned to

remove soluble ions using Soxhlet extraction.7 With this technique the

powder is continuously washed with freshly distilled water.

(B) Adsorption Isotherms: The adsorption of PM.AA-Na on the alumina was

also evaluated using the automatic titration unit in the first derivative

titration mode. Suspensions of 20 vol ' A12 03 were prepared with various

amounts of PMAA-Na at various pH values. While the Al203 was being added.

the pH was constantly monitored and adjusted so that it was always within

0.2 pH units from the desired pH value. After mixing, the samples were

ultrasonicated for approximately I min. and the pH measured and adjusted

again if necessary. The samples were then put into a gentle mechanical

shaker for approximately 24 hours and then centrifuged for 45 min. at 2000

RPM. A portion of the supernatant was then analyzed by first derivative

titration to determine the amount of PMAA left in solution. Fig. 2(a)

*Radiometer. Copenhagen. Denmark (Radiometer TRS822).
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shows the shape of a typical PMAA-Na titration curve and its corresponding

first derivative plot. The distance between peaks represents the amount

of titrant to reach the endpoint and depends linearly on the amount of

PMAA-Na titrated as shown in Fig. 2(b). This relationship was therefore

used to determine the amount of PMAA-Na remaining in solution after

adsorption: A known volume of the supernatant was diluted with water to

approximately 40 ml. This solution was then sealed in the titration cell

and the pH adjusted to 9.8, while the sample chamber was subjected to N2

bubbling. The pH adjustment to 9.8 ensured that any PMAA-Na would be

fully dissociated. This will be discussed fully below. The first deriva-

tive titrations were then conducted with 0.5 N1 HCI and the distance

between peaks recorded. Standards were prepared to establish Fit. 2(b)

and this calibration was used to determine adsorption behavior of PMAA.

Background salt did not induce signifizant deviation in this calibration.

(C) Settling and Zeta Potential Experiments: Settling experiments were

done using 2 vol 7 A1 2 0 3 suspensions. Various amounts of PMAA-Na were

added to the suspensions and were then ultrasonicated and stirred for at

least 4 hours. Of each suspension. 70 ml was then poured into graduated

cylinders and after several days the final sedirentation cake heights were

recorded.

Electrophoretic mobility was measured* and used to calculate zeta

potential according to Henry's equation.9 These measurements can only be

completed on very dilute suspensions. Therefore, it was very important

that the 2 vol Z A1 203 samples were centrifuged and the supernatant care-

fully decanted into a beaker, thereby ensuring that only a very minute

amount of the sediment was remixed with the supernatant. Prior to the

measurements, the samples were ultrasonicated and stirred for 15 minutes

to ensure that only the mobility of the single particles was measured. At

least ten measurements were completed for each sample to ensure accuracy.

*Rank Brothers, Bottisham. Cambridge. England (Micro-Particle

Electrophoresis Apparatus Mark II).
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(D) Viscosity Measurements: Viscosity of the suspensions was measured

using a rotary viscometer* equipped with a recorder and a small sample

chamber so that only 8 ml samples were necessary for each measurement.

III. RESULTS AND DISCUSSION

1. Chemistry of PMAA-Na and the Surface of 4-Aln0

The polyelectrolyte polymethacrylic acid-NaI salt (PM.AA-Na. Fig. 1).

with an average molecular weight of 15.000. has approximately 138

available carboxylic acid sites or functional groups per nolecule.

Depending on the solvent conditions (i.e., pH and ionic strength). the

fraction of functional groupo which are dissociated (i.e.. CCO-) and those

which are ncn-dissociated (i.e.. C0C0) will vary. As the fraction disso-

ciated (a) increases from - 0 to - 1.0, the polymer charge varies from

relatively neutral to highly negative. Therefore, the behavior of the

polymer in solution also depends on the solvent conditions. Fig. 3 shows

the fraction of dissociated acid groups aS a function of pH and background

NaCl concentration. As the pH and salt concentration increase, the disso-

ciation and negative charge characteristics of the polymer increases.

Fig. 3 shows that at pH values ) 8.5 the PMAA is negative and satu-

rated with a - 1. In this condition. experimental evidence shows that the

PMAA molecules are in the form of relatively large expanded random coils

in solution. 5  This configuration results from electrostatic repulsion

between the negatively charged surface sites. As pH is decreased, the

number of negatively charged sites also continually decreases until the

PMAA is effectively neutral uear pH 3.4 and a-+ 0. In this condition the

PMAA chains approach insolubility and form relatively small coils or

clumps.
5

*Brookfield Engineering Laboratories. Inc.. Stoughton. HA (Digital

Viscometer. Model RVTD).
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A plausible explanation for the role of salt concentration on the

degree of dissociation is as follows. The probability of COO- groups

being stable surrounded by Na+ counterions in close proximity increases
with increasing [NaCI] and therefore the probability of H3O

+ ions reaccing

with available COO- groups to form COOH decreases. Additionally, added

salt decreases the thermodynamic activity of H30 +, shifting the equili-

brium towards more dissociation as depicted in Fig. 1.

Using similar reasoning, this behavior explains why pQ. defined in

Fig. 1. increases with increasing a and decreasing background salt concen-

trations (Fig. 4). pQ is the effective dissociation reaction constant.

For a polyacid such as PMAA. pQ varies for each acid site, depends on the

local environment, and increases as each successive acid group disso-

ciates. This situation occurs because increased electrostatic

interactions between -) sites on the polymer make diosociaticn ;f

neighboring sites more difficult. Since increased salt concentraton pro-

motes electrostatic shielding and makes dissociation less difficult. pQ

decreases. An interesting note is that extrapolation of pQ values to u =

0 yields 4.86. This value is consistent with those for simple organic

acids which only have one acid group. Both the pQ and - behavior are in

agreement with the PMAA titration results of Arnold and Overbeek?

Fig. 5 shows the charge density (0) on the surface of the Al20

particles as a function of pH. At every pH. there is a large number of

positive, neutral, and negative sites. The o value gives the overall net

charge density. At the zero point of charge (zpc). the number of positive

sites equals the number of negative sites and the net charge equals zero.

For our sample of C-A1 2 03 . the zpc is at approximately pH 8.7. Both a

values and the zpc are in very close agreement to that of Hasz. 9

Finally, a comparison of Fig. 5 with Fig. 3 indicates that there

should be a great deal of electrostatic attraction between the negatively

charged polymer and the positively charged Al 203 particularly in the pH

range from 3.5 to 8.7. This relationship will be discussed further in the

next section.
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2. Adsorption of PMAA-Na on a-A1 2 03

Fig. 6 shows adsorption at various pH values, plotted as mg PMAA

adsorbed per m2 surface area of A1203 , versus the initial amount of PMAA-

Na added (on a dry weight of A1 203 basis). The solid diagonal line

represents the adsorption behavior that would occur if 100 " of the PMAA

added were to adsorb. Though this plot is not of the usual form for

adsorption data, its utility in ceramic processing will become evident.

It is clearly shown that the amount adsorbed increases greatly with

decreasing pH. This behavior agrees with recent polyelectrolyte

adsorption theory developed by Van der Schee et al. 10.11 For pH values

above the zpc. a is approximately I and the negatively charged sites on

the polyelectrolyte chains tend to repel each other. This repulsion

suppresses the formation of loops in adsorbed conformation. Consequently.

the polyelectrolyte chains adsorb in a relatively flat conformation with

each chain apparently covering a relatively large amount of surface area.

Note that polyelectrolyte tails can still extend into solution even though

the formation of loops is inhibited. The determined adsorption values for

polyelectrolyte in this configuration are on the order of a few tenths of

a mg/m 2 . As the ph is decreased and a approaches 0 (Fig. 3). the poly-

electrolyte chains become uncharged and the formation of loops in the

adsorbed configurations is, in principle, enhanced. Thus. the prcjected

surface area per adsorbed chain is relatively small, and more adsorbed

chains are required to establish a saturated monolayer. Commonly measured

values for this type of adsorption are a few mg/m 2 which is in agreement
with the experimental results.1 2

Fig. 6 also shows a difference between the adsorption behavior above

the zpc and below the zpc. For pH 9.8. there is a gradual attainment of
the saturated adsorption plateau. In contrast, for systems at pH 8.2 and

less, the plateau adsorption is reached without any appreciable PMAA

remaining in solution. Therefore, it is concluded that for pH values

near and more acidic than the zpc. the adsorption behavior is of the

'high affinity' type. Practically all of the PMAA which is added adsorbs

on the surface and the data follow the 100 Z line until a saturation

plateau level is reached. Only beyond this limit does nonadsorbed PMAA

become appreciably present in solution. This observation also agrees

with the adsorption theory if an electrostatic influence on adsorption

8



and a negative or partly negative polyelectrolyte adsorption on a

positively charged surface are considered.
1 1 

Above the zpc. due to

similar net charges, a barrier for adsorption increasingly develops, so

that in order to adsorb PMAA, there has to exist a corresponding equili-

brium concentration of PMAA in solution. Adsorption in this region is

due to the minority of positive surface sites when the net surface charge

is negative.

Fig. 6 also shows that the presence of background salt can slightly

increase adsorption. This occurs because the background salt has an

electrostatic shielding effect between negatively charged sites on the

PMAA thereby causing the chains to behave more like uncharged polymers and

enhancing the development of loops. This type of behavior is commonly

observed in many systems and agrees with recent concepts on adsorption.
I
1

Even with 0.1 M NaCI concentrations, stable suspensions are achieved after

saturation adsorption occurred.

Reversibility of adsorption is indicated by the T and # points on

Fig. 6. Under these conditions, the suspensions were prepared at the

initial pH values indicated and shaken for 4 hours. The suspensions were

then adjusted to desired final pH values and shaken for 20 or more hours

prior to analysis. The system which is initially at pH 9.9 and then

adjusted to pH 8.1 adsorbs a final amount, consistent with that obtained

when the initial pH is 8.1. This correspondence might be expected

since at pH 9.9 there is appreciable nonadsorbed PMAA in solution which

could be easily adsorbed once the pH is lowered. A change in the configu-

ration of the adsorbed PMAA may occur; but. thus far no observable changes

in the suspension behavior can be related to such changes. On the other

hand. when the initial pH is 8.0 and then adjusted to 9.6, complete

reversibility is not observed but only a fraction of PMAA desorbs. This

behavior suggests that the PMAA is relatively strongly neld on the Al 203

surface. It also possibly indicates that with sufficiently extended times

most of the PMAA might desorb. at least for pH values near and above the

zpc.

9



3. Consolidated State

The effect of incomplete adsorption and flocculation on the consoli-

dated state was determined by sedimentation and centrifugation experi-

ments. Fig. 7(a) shows that trace amounts of PMAA-Na (< 0.25 %) induces

flocculation and large sedimentation volumes. This results because the

binding energy between the particles is high and the particle clusters

that form during consolidation behave as rigid flow units and do not pack

densely.13  In contrast, at concentrations of approximately 0.35-0.50

PMAA-Na. the binding energy between particles is low and the particle

clusters display relatively denser packing structure.13

These data also correlate with the zeta potential determinations.

Fig. 7(b) shows that with increasing polymer concentration, the zeta

potential decreases to zero and then reverses sign. Above 0.5 Z polymer.

the zeta potential approaches a nearly constant value of -40 mV. This

value reflects the saturated monolayer of polyelectrcyte on A12C1 .

It can be further concluded from Figs. 7(a) and (b) that small

additions of PMAA-Na (e.g.. < 0.1 %) neutralize charge and induce subse-

quent flocculation. In this regime, flocculation is mainly due to

electrostatic patch model flocculation whereby flocculation takes place

because negatively charged patches due to the adsorbed polyelectrolyte are

attracted to positively charged patches of surface on other particles.

When the molecular weight is relatively low then maximum flocculaticn

occurs when the zeta potential is approximately zero or even still

slightly positive. This type of behavior is discussed by Bleier and

Goddard. 14 In the range from 0.1-0.3 % PMAA-Na. flocculation is due to a

combination of two effects: (1) the zeta potential is relatively low in

magnitude. and (2) incomplete adsorption results in polymer bridging where

two or more particles can be mutually adsorbed by polymer chains.

It can also be concluded that the PMAA results in more efficient

consolidation. Upon settling, pure A12 03 (0 % polymer) shows a larger

sediment volume than the system with 0.4 Z polymer added :ven though the

zeta potentials are +48 mV and -33 mV. respectively., The stability deter-

mined by settling rates and sedimentation heights do not appear to be

equal until zeta potentials of ) 58 mV are reached for the pure A12 03

suspensions. This trend means that the increased stability and dispersicn

of the 0.4 % polymer system may be due to a steric stabilization
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interaction in combination with the repulsion effect due to electro-

statics. These mechanisms together can be termed electrosteric.

From these results some preliminary conclusions can be made: (1)

only very minute amounts of PMAA-Na are necessary to flocculate A1203
suspensions. (2) a critical amount of PMAA-Na is needed before stabili-

zation occurs, and (3) PMAA-Na does indeed provide an enhanced stabili-

zation effect.

4. Stability Hap for PMAA-Na/c-AI 20 3 System

With the above information and the adsorption data in Fig. 6. a

stability map can be constructed. Fig. 8 is a plot of the amount of PMAA

adsorbed at the plateau levels versus pH. In other words, for any pH near

and below the zpc. it is a measure of the amount of PMAA which must be

adsorbed to achieve a stable suspension. Regions above the curve are

'stable and dispersed. Regions below the curve are unstable and show an

onset to flocculation. The reason for the assumed steep decrease in

adsorption at pH 3.3 is because of observed viscosity decreases (Table I).

For example, as pH is decreased on samples which are initially stable, the

viscosity noticeably increases when crossing the stability/instability

boundary region. This is expected since at those lower pH values, more

PIAA is needed to maintain a stable suspension and the subject suspensions

Table I: Rheology data at various pH's for 20 vol %
a-Al203 suspensions with 0.312 % (dwb) of

PMAA-Na MW 15,000.

pH T(10 - 3 Pa-s) at 10 RPM

5.2 1650

7.4 < 10
8.7 < 10

9.3 ( 10

9.8 < 10

10.2 ( 10

11



are below that critical level. This process is the same as moving to the

left from a stable region on Fig. 8 and entering the unstable region.

Once the pH is decreased further to 3.3. deflocculation reoccurs and

viscosity sharply decreases and approaches that of a system stabilized at

pH 3.3 without any PMAA present. Since at pH 3.3 the suspension is stable

without the presence of PMAA due solely to electrostatic interactions, it

is believed that there is a combination of two possible mechanisms for the

observed restabilization of A1 203 below pH 3.3 in the presence of PMAA.

One explanation is that below pH 3.3 the PMAA sufficiently desorbs since

this is also the pH at which the PMAA loses its negative charge and its

configuration and electrical state approach those of a neutral polymer

with a greatly diminished driving force for adsorption (Fig. 3); it may

even approach its solubility limit. Concurrently, some PMAA may still be

adsorbed but the effectively neutral polymer layer may be small enough so

that the electric double layer (formed by the highly positive A1,0,

surface) may extend past the polymer layer. In this way, electrostatic

stabilization due to electric double layer interactions can still occur.

Table I illustrates the transition from stability to instability

based on viscosity measurements. A series of samples with 0.312 % PMAA

was prepared at various pH values. Viscosities above pH 7 were < 10-2

Pa-s while the viscosity at pH 5.2 was more than two orders of magnitude

greater, indicating flocculation. This is in agreement with Fig. 8 which

shows a stability/instability transition at - pH 7 for 0.312 % PMAA.

IV. CONCLUSIONS

1. The adsorption behavior of polymethacrylic acid -on alumina depends

on solvent conditions and the charge characteristics of the PMAA

and the A1203 surface: As pH is decreased, the adsorption of PMAA

increases until insolubility and charge neutralization of the PMAA

is approached: for pH values near and below the zero point of

charge for A1203 , there is an added electrostatic attractive

potential for adsorption which results in a high affinitv type

adsorption behavior.
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2. For pH values near and below the zpc. PMAA adsorbs and may induce

flocculation until an adsorption saturation limit is reached and

the binding energy between particles is reduced below a critical

level.

3. Once saturation adsorption occurs and stability is achieved, the

PMAA induced stabilization exhibits an enhanced stability,

compared to subpensions stabilized electrostatically without the

polyelectrolyte.

4. The stability map introduced here is a useful processing tool for

tailoring suspensions with varying amounts of polymer, depending on

the desired properties. For instance, if higher concentrations of

polymer are desired, perhaps for high mechanical strength in the

consolidated state, acidic conditions would be recommended.

However. if dispersion is ultimately important and the effects of

the adsorbed polymer are not desired, basic conditions would be more

suitable. The knowledge gained from the stability map is necessary

to predict the amount of polymer necessary to stabilize aqueous

alumina suspensions at various ph's for any known surface area and

well-defined zpc.
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FIGURE CAPTIONS

Figure 1: Schematic of a PMAA-Na segment and the dissociation reaction.

Figure 2: (a) A typical titration curve for PMAA-Na and its corresponding

first derivative plot; and (b) linear relationship between the

amount of PMAA-Na titrated and the meq of titrant corresponding

to the distance between the peaks in (a).

Figure 3: Fraction of acid groups dissociated versus pH as a function of

salt concentration for PMAA-Na salt. IV 15.000.

Figure 4: pQ versus the fraction dissociated as a function of salt

concentration for PMAA-Na salt. MW 15.000.

Figure 5: The relative surface charge versus pH for the ---Al203 powder.

Figure 6: The amount of PMAA-Na salt adsorbed on a-A12 0 3 as a function of

the initial amount of PMAA-Na added.

Figure 7: (a) Sedimentation height; and (b) zeta potential versus % PMAA-Na

for 2 vol . suspensions of >-A1203 .

Figure 8: Colloidal stability map of c-A1 2 0 3 (20 vol %) suspensions as a

function of adsorbed PMAA-Na salt and pH.
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ABSTRACT

Stability and rheology of aqueous cl-AZ 203 suspensions with 'a+ salt

of polymethacrylic acid (PMAA-Na) and polyacrylic acid (PAA) polyelectro-

lytes was studied as a function of pH, solids loading, and molecular

weight. Past work has found polyelectrolyte stabilized suspensions to be

fairly pH independent at low (e.g., 20 v/o) solids loadings. However, we

now show that the effective pH range to provide dispersed and fluid sus-

pensions narrows as the concentration of solids increases. At high solids

levels the presence of excess polymer in solution has detrimental effects

on stability which increases with increasing molecular weight. Finally,

with knowledge of the above concepts highly concentrated fluid suspensions

of 60 v/o AZ 203 (> 85 wlo) with submicron size particles have been

processed. Higher consolidated densities and reduced sintering tempera-

tures are attained when compared to more conventional processing

techniques.

* Presented at the 88th Annual Meeting of the American Ceramic Society.

Chicago. IL. April 30. 1986 (#41-BP-86).
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I. ITRODUCTION

Polyelectrolytes are widely used in industrial applications to

prepare highly concentrated (> 50 v/o) ceramic suspensions which are
subsequently fabricated into dense components by sintering. Although a

variety of polyelectrolytes are commercially available and are used

effectively in the preparation of suspensions, their role in colloidal

stabilization has not been clearly understood.

In this paper, we aim to provide a clearer understanding of particle

dispersion with adsorbed polyelectrolytes and relate it to the surface

chemistries of the suspended particle sirfaces and the polyelectrolyte.

Aqueous oxide suspensions will be considered as a general example. The

particular emphasis will be on the dispersion of a-AI20 3 suspensions with

polymethacrylic acid (PMAA) and polyacrylic acid (PAA).

It is also an aim of this paper to describe the methodology of using

polyelectrolyte stabilization for the processing of very highly concen-

trated (60 v/o) aqueous ceramic suspensions. This was studied with model

experiments with submicron size alumina which determined the guidelines

for the selection of a proper pH range and related rheological behavior to

molecular weight. Finally. sintering behavior of compacts prepared by

these techniques is compared to more conventional methods of processing.

II. BACKGROUND INFORMATION

For information concerning polyelectrolytes, surface charging of

oxides, and related adsorption behavior of polyelectrolytes on oxides, the

reader is referred to Ref. 1. The following discussion pertains to the

particular aqueous system of aluminum oxide particles and polymethacrylic

acid -Na+ salt (PMAA-Na) and is a summary of the work described in Ref. 1.

The structure of PMAA is shown in Fig. 1.

For PMAA alone, each molecule has many carboxylic acid sites or

functional groups and depending on the solvent conditions (i.e.. pH and

ionic strength), the fraction of functional groups which are dissociated

(i.e., COO-) and those which are non-dissociated (i.e., COOH) will vary.

2
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As the fraction dissociated (a) increases from 0 to E 1.0. the polymer

surface charge varies from relatively neutral to highly negative. In

general, for PMAA and other polyelectrolytes which have carboxylic acid

groups as the functional groups, the dissociation and negative charge

characteristics of the polymer increases with increasing pH.2 For PMAA at

pH values of > 8.5 the molecules are effectively negative with C( 1. In

this condition, experimental evidence shows that the PMAA molecules are in

the form of relatively large expanded random coils in solution. This

results from electrostatic repulsion between the negatively charged

surface sites. As pH is decreased, the number of negatively charged sites

also continually decreases until the PMAA is effectively neutral near pH

3.4 and .x -+ 0. In this condition the PMAA chains approach insolubility

and form relatively small coils or clumps.
3

In general, for oxides the relative charge density (c) on the surface

of the particles also varies with pH but in a different manner than the

charging of anionic polyelectrolytes. For oxides, at every pH, there are

large numbers of negative, neutral, and also positive surface sites. The

value gives the overall net charge density. At low pH values positive

sites are in the vast majority and therefore o is positive. At high pH.

negative sites are in the majority and a is negative. At the zero point

of charge (zpc). a = 0 which occurs when the number of positive sites

equals the number of negative sites. For ot-A1 2 03 , the zpc is at approxi-

mately pH 8.7.

The comparison of the charging behavior of PMAA and Al2 03 with pH

leads to an obvious conclusion that the saturation limit of PMAA

adsorption on A1 203 should be significantly affected by pH. Fig. 2 is a

plot of the amount of PMAA adsorbed at the saturation levels versus pH.

The amount of PMAA which must be adsorbed to achieve a stable suspension

increases with decreasing pH. Regions above the solid curve are stable

and dispersed. Regions below the curve are unstable and show an onset to

flocculation. The regions below pH 4 are discussec in Ref. 1 and thus

will not be discussed in this paper.

In order to expand the concepts for different Isolids concentrations.

pH, and polyelectrolyte molecular weight. and to use these concepts for

processing of these suspensions, more experiments were conducted using

polyelectrolytes and colloidal a-Al203.
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III. EXPERIMENTAL

1. Materials and Chemicals

The ceramics used in this study were of very high purity (99.995%).

submicron size, and relatively monodispersed (0.2-1.0 im) a-A1 2 0 3 powders

(AKP 20 and AKP 30).* The average diameter measured by an x-ray

adsorption/sedimentation technique was 0.52 'm for AKP 20 and 0.41 urm for

AKP 30. The average surface area as measured by standard B.E.T. 12

adsorption § was 4.5 m2 /g for AKP 20 and 6.8 m2 /g for AKP 30.

The polyelectrolytes used were the Na+ salt of polymethacrylic acid

(PMAA-Na) with an average molecular weight of 15,000 and polyacrylic acid

(PAA) of various molecular weights (1800, 5000. and 50,000). These

polyelectrolyte structures are shown in Fig. 1.

The water used was distilled and deionized. The pH was adjusted with

standardized analytical grade HCl and NaOH solutions (1.0 and 0.1 N).

Analytical grade NaCI was used to adjust the ionic strength as desired.

2. Experimental Methods

(A) Viscosity Measurements: Viscosity measurements were done with a
ti.

rotary viscometer with a small sample chamber. To determine the

relative magnitude of viscosity and whether the suspensions were

flocculating or stabilized, the following theological measurement method

was used:

(i) Each suspension was initially sheared at a relatively high shear rate

of 93 sec -1 . This ensured that permanent particle clusters (if any)

were dispersed;

*Sumitomo Chemical America. Inc.. New York. NY.

tMicromeritics. Norcross. GA (Sedigraph 5000).

§Quantachrome Company, Syosset. NY (Quantasorb)

Polysciences. Inc.. Pittsburg. PA.

t-Brookfield Engineering Laboratories, Inc.. Stoughton. MA (Digital

Viscometer. Model RVTD).
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(ii) The shear rate was then decreased every 30 seconds in 8 increments

down to 0.46 sec-1 and the viscosities recorded;

(iii) The suspensions were then allowed to sit at 0.46 sec- for 10 mi. so

that nucleation and growth of particle clusters could occur;

(iv) The shear rate was then increased in 8 increments back up to 93 sec-1

and the viscosities recorded again.

Large differences between the initial rate sweep and the latter rate

sweep were assumed to be due to flocculation (i.e.. the nucleation and

growth of particle clusters). The magnitude of the viscosities was taken

as a relative measure of the fluidity of the suspensions as related to the

particle interaction energy and the degree of particle clustering.

(B) Zeta Potential and Interparticle Repulsive Potential Calculations:

Zeta potential Q; was calculated by using the measured electrophorotic

mobility* and Henry's equation, with Overbeek's correction if necessary.6

This correction takes into account the value of <a. where K is the inverse

screening length and a is the particle diameter. In general, as the ionic

strength of a suspension increases so does Ka. For the purpose of this

paper, the actual polymer chains were not included in the calculation of

a; however. their associated ions were included. These measurements can

only be completed on very dilute suspensions. Therefore, it was very

important that the suspensions were centrifuged and the supernatant care-

fully decanted into a beaker. Then a portion of the sediment was removed

with the supernatant. Prior to taking the measurements, the new dilute

suspens~ions were very briefly ultrasonicated and magnetically stirred to

ensure that only singlet particles were measured. At least ten measure-

sents were completed for each sample to ensure accuracy.

The calculations of interparticle repulsive potentials (Vr) were done

according to Ref. 7. Since for any given powder the attractive potential

is the same. it is only necessary to compare the values of Vr for quali-

tative arguments concerning interparticle potentials. Comparisons of Vr

are made at a particle separation distance of 100 ~

*Rank Brothers. Bottisham. Cambridge. England (Micro-Particle Electrophor-

esis Apparatus Mark II).
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(C) Processing of Suspensions for Sintering: Both the AK? 20 and AK? 30

or-Al 2 03 powders were dry pressed, slip C36t. and simply air cast (dried)

in plastic molds. The dry pressed pellets were approximately 2.54 cm in

diameter and pressed biaxially at 51.8 MPa. The slip cast samples were

prepared from 50 v/o suspensions and cast between two slabs of plaster.

The suspensions were prepared with a commercially available form of

PAA-NH4+ (M.W. 5.000)* and the pH adjusted to 8.8 with small amounts of

citric acid. The air cast samples were made by pouring 5 ml of very

highly concentrated PAA-NH 4
+ stabilized A1203 suspensions (E 60 v/o) intc

plastic molds and allowing them to dry. All of the samples were then

sintered in air. The samples were held at the maximum teoperatures :or

one hour. The heating and cooling rates were 30C0 C,'h. The sintered

densities were measured by a standard alcohol imersion methoc.

IV. RESULTS AND DISCUSSION

1. Viscosity vs. pH

Fig. 3 shows the effect of pH on viscosity for stabilizea suspensions

at various solids loading. Using Fig. 2 for representation, all of these

suspensions are in the stable region but still relatively close to the

stability boundary.

In 20 v/o A12 03 suspensions, all of the stabilized systems have very

low viscosities and the difference between suspensions stabilized at pH 4.5

and 10 are minimal. As the v/o solids increase, the magnitude of viscosity

also increases while the effective pH range gets smaller (Fig. 3). In all

cases the minimum in viscosity occurs at approximately pH 8.8. The reason

for the increase in viscosity at higher pH is because of the presence of

excess polymer remaining in solution due to the adsorption behavior of the

polyelectrolyte which is no longer high affinity type adsorption at high

pH.1 This leads to high viscosities in concentrated suspensions where the

amount of water is small. Problems associated with excess polymer in

solution will be discussed more fully in a following section. At lower pH.

*R. T. Vanderbilt Company. Norwalk, CT.
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viscosity again increases because of two related phenomena. As the pH

decreases, the amount of polyelectrolyte necessary to provide stabilization

increases (Fig. 2) while at the same time the polyelectrolyte chains

become less dissociated. 1 This leads to two problems. First. with less

dissociation the negative charge characteristics of the polyelectiolyte

decreases and the relative solubility of the polymer also decreases.
1

This leads to a situation where the adsorbed polyelectrolyte has less

negatively charged functional groups extending into solution and therefore

decreases the magnitude of the electrosteric repulsive barrier between

particles.1'8 Secondly. as the amount of polyelectrolyte increases, the

concentration of ions associated with the polyelectrolyte and ions due to

pH adjustment also in:reases and therefore reduces the electrostatic

portion of particle repulsion.

These effects become more appreciable at higher solids concentrations

since the particle repulsion necessary to provide stability increases with

increasing solids concentrations.9 For example, for a 20 v/o suspension

at pH 5.5, the v/o solids is relatively low; and. under these conditions

of polyelectrolyte dissociation and ionic strength, the binding energy

between particles is low enough to prevent the nucleation and grcwth of

particle clusters and the resultant viscosity remains low. In contrast,

for a 40 v/o suspension at pH 5.5. the binding energy between particles is

low enough to prevent permanent clusters but high enough to induce a large

increase in viscosity. To have more fluid and stable suspensions at

higher solids concentrations requires adjustment to a more optimum pH

where the adsorbed polyelectrolyte is more fully dissociated and ionic

strengths lowered so that a more effective eleotrosteric repulsion can

exist between particles. These concepts will be revealed in more detail

in the following section. It should be noted that for this system the

optimum pH seems to be at pH - 8.8. This pH is where the minimum in

viscosity occurs (Fig. 3) and coincides with the point at which the poly-

electrolyte is fully charged and maintains maximum solubility while high

affinity type adsorption still occurs and the ionic strength is relatively

low. Under these conditions the amount of polyelect-rolyte in solution is

small and the binding energy between particles is low.
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2. Relating Interparticle Forces to Rheological Behavior

Table I shows a summary of data relating interparticle forces to

rheological behavior for 40 v/o AKP 30 suspensions stabilized with PM4A.-

Na+. The polymer ratio is a measure of the amount of polymer added in

relation to that necessary for adsorption saturation according to Fig. 2.

The value of Ka is a relative measure of the ionic strength of the

solution. As ca increases ionic strength increases and as a reference for

this system, a Ka value of 425 is equivalent to a 0.1 M NaCI solution.

The cVr values are a relative measure of the repulsive potential between

particles due solely to calculated electrostatic repulsion at a separation

distance of 100 A. The .0 to -.10 values are a measure of the change in

viscosity over a period of <10 min at a shear rate of 9.3 s- 1. and the

comments S. F. and SF are equalitative observations meaning stable.

flocced, and slightly flocced. respectively.

The infor=ation in Table I can be usec to provide some prelizinar-,

conclusions relating to interparticle forces. First of all, the L:ost

dominant cause for flocculation in polyelectrolyte stabilized uspensions

is incomplete adsorption which provides a driving force for partices to

cluster together in an effort to form saturated monolayers. Thi is

c'early shown in Table I in that in all cares where the polymer ratio is

(1.0, flocculation resulted even though the zeta potentials and

electrostatic repulsive forces are relatively high. The best examples

tabulated are at pH 9.5 for a polymer ratio of 0.55 and at pH 8.1 for a

polymer ratio of 0.76. It may also be concluded that once enough polymer

has been adsorbed there is a stabilization effect due solely to the

polyelectrolyte even in the absence of repulsion due to electrostatics.

This is especially apparent for samples at pH 8.1 w/NaCl and pH 6.5 where

Vr Z O but, stable fluid suspensions resulted. Further evidence for the

stabilizing effects due to the polyelectrolyte is that for the same 40 v/o

system in the absence of polymer an electrostatic value of cV r = 3 is

necessary to induce comparable levels of stability and viscosity as those

found for PMAA stabilized suspensions at pH 8.8 with a cVr value of 0.7.10

Another important aspect of polyelectrolyte stabilization is that the

resulting zeta potential oi stabilized suspensions tabulated in Table I can

be directly correlated to the charge of the Al 2 03 particles, amount of

polyelectrolyte dissociation, and the amount of pclyelectrolyte adsorbed on

8



the surface. This concept is represented in Fig. 4 which shows the zeta

potential (;) and relative number of dissociated CO0- polymer sites (RNS)

versus pH. The RNS was calculated by multiplying the amount of adsorbed

PMAA (Fig. 2) times the percent of COOH groups dissociated (measured in

Ref. 1). This quantity effectively represents the number of negative sites

which are available to charge a particle surface. If there is no

electrical interaction between the charged polymer and the particle

surface, then () should ideally correspond directly with RNS. However.

this system has electrical interactions with the particle surface- there-

fore. Fig. 4 shows that the combination of PNS and the influence of particle

surface charge determine the resulting zeta potential. Fig. 4 was con-

structed so that RNS and - crossover at pH - 8.8 since this pH is very close

to the zpc of the Al203 ; and, therefore, the overall net charge of the A 2 C 3

will have a miniaai contribution to the observed -. As DH decreases to

8.1. RNS increases and , increases slightly as expected. However. at rH

6.5 RNS is at a maximum while - decreases appreciably. From this it May be

concluded that below the zpc the excess positive surface sites on the AlIO'

begin to neutralize excess negative sites on the polyelectrolyte and the

effective - is lower than expected. This behavior is shcwn to continue to

lower pHs; however, it is expected that for pH < 3, the -, will be dietermined

only by the A1203 surface since -, and RNS approach 0. However, for pH < 3,

the - will probably still be lower than expected due to the physical

presence of an adsorbed neutral polymer layer. At pHs above the zOc, the

is slightly larger than expected from the RNS values. This suggests that

above the zpc the excess negative surface sites on the A12 03 become

additive to the excess negative sites on the polymer. A note that should

be emphasized here is that for this system the r is a strong contributing

factor to the overall suspension viscosity but not the sole determining

factor. The maximum is at pH 8.1; however, the best suspensions in terms

of stability and viscosity are observed at pH 8.8-9.0. In gener'l. the

data from Table I and Fig. 4 show that for 40 v/o suspensions, ionic

strength only slightly affects polyelectrolyte stabilized systems, but

still a , of 1 1201 mV is necessary for stabilization. The -20 aV gives an

indication that the polyelectrolyte is still charged and has negative

soluble functional groups extending into the solvent so that an enthalpic

steric stabilization mechanism can be functional along with an

9



electrostatic stabilization mechanism.

3. Viscosity vs. Amount of Polyelectrolyte

Fig. 5 shows the viscosity of 50 v/o AKP 20 A12 03 suspensions (pH 9)

versus the amount of FAA added for various molecular weights. For each

sample the viscosity was recorded at time = 0 and 10 min at a shear rate

of 9.3 s- 1. Increases in viscosity (connected by tie lines) show that

flocculation is occurring in the suspensions. For each molecular weight.

there is a critical amount of polymer that must be added before stabili-

zation and low viscosities result. This corresponds to the saturation

adsorption limit of the polyeleetrolytes on A12 03 and is in agreement with

the previous discussion concerning the stability map in Fig. 2.

Since the amount of polyelectrolyte necessary for stabilization

increases as the molecular weight increases, this is an indication that

the adsorbed layer thickness may also be increasing with molecular weight.

This may have substantial effects for more highly concentrated suspensions.

Further additions of polymer, past the adsorption saturation limit.

only serv.es to provide excess polymer in solution. As shown in Fig. 5.

the theological effects due to excess polymer are much more drastic as the

molecular weight increases. This can be seen in two respects. First, the

viscosity of polymer solutions is proportional to the size of the indivi-

dual polymer coils squared.3 Therefore, as the molecular weight increases

the viscosity of the aqueous solution part of the suspension drastically

increases. Secondly, it is observed that as the molecular weight

increases a more pronounced thLxotropic effect occurs due to the excess

polymer. This is the result of a destabilization mechanism called

depletion flocculation.8'11 Basically depletion flocculation is the

result of an osmotic pressure increase due to the polymer in solution.

This effect increases with increasing molecular weight.

4. Processing of Polyelectrolyte Stabilized Suspensions

Using the concepts previously discussed, fluid A12C3 suspensions with

60 v/o solids ( 857 by weight) were made with viscosities of < 0.4 Pa.s

at 100 s-I. To show the advantage of increasing the solids concentration

in suspension. some samples were cast in plastic molds from 40 to 60 v/o

suspensions and then sintered at 14000 C for 45 min. Due to the reduced

10



volume fraction of solids and longer casting times for the 40 v/o

suspensions, it is expected that long range particle segregation took

place.
1 2 

This resulted in slightly lower green densities for the 40 v/o

suspensions by Z 2%. This also became apparent after sintering when all

of the samples made from the 40 v/o suspensions consistently resulted in

3-6% lower sintered densities regardless of the powders used.

To more clearly show the possible benefits of processing with highly

concentrated suspensions, two powder systems of high purity a-A1 203 were

processed by pressing, slip casting 50 v/o suspensions, and casting

E 60 v/o suspensions in plastic molds. Then the sintering behaviors were

compared; and, the results for AKP 30 A1 2 03 are shown in Fig. 6. Figure 6

shows clearly that processing from highly concentrated polyelectrolyte

stabilized suspensions leads to higher consolidated densities and that

these benefits carry over in the form of reduced sintering temperatures.

The samples processed from 60 v/o suspensions had a consolidated density

of 65.S% theoretical and sinrered to 99% theoretical at 1350
0
C. For an

Al 2 0, powder with a relatively low surface area of 6.8 m2/g this is a very

low sintering temperature. In contrast, filtration channels cause the

development of excess voids in slip cast microstructures and higher

sintering temperatures are required for the elimination of these voids.
1 3

And as expected, the local density variations and inefficient particle

packing caused by dry pressing require even higher temperatures fcr

complete void elimination.

CONCLUSIONS

In highly (> 50 v/o) concentrated A1 203 suspensions stabilized with

PMAA. a viscosity minimum is observed at pH E 8.8. This coincides with

the pH at which the polyelectrolyte is fully charged and maintains maximum

solubility while high affinity type adsorption still cccurs and the ionic

strength is relatively low.

Below pH 8.8, the viscosity increases because of a decrease in the

.' charge characteristics of the adsorbed polyelectrolyte and a

S the electrosteric repulsive barrier between particles. Above

II



pH E 8.8, viscosity increases because high affinity type adsorption behavior

is lost and excess polymer in solution becomes appreciable. Excess polymer

can also lead to depletion flocculation and this effect becomes greater as

molecular weight increases.

Polyelectrolyte stabilization can exist even in the absence of

appreciable electrostatic repulsive forces due to conditions of relatively

high ionic strength. However, even though polyelectrolyte stabilization

can exist with low levels of electrostatic repulsion it is necessary that

an appreciable zeta potential be present on the particles. The actual

zeta potential built up on particles due to polyelectrolyte adsorption is

a function of the amount of polyelectrolyte adsorbed, the fraction of

polyelectrolyte dissociation, and the surface charge of the bare particle.

For anionic PMAA and A12 03 at pHs below the zpc of A1 203 , the actual zeta

potential is less than expected from the adsorbed PMAA due to the cancel-

lation effect between the negative PMAA and positive A1203 surface. At

pHs above the zpc there is an additive effect between the negative PMAA

and the negative surface which yields a larger zeta potential than

expected from the amount of PMAA adsorbed.

In general, by understanding the chemistries of the polyelectrolyte

and particle surface. polyelectrolyte adsorption behavior, and polyelec-

trolyte rheological effects one may control the viscosity and rheology for

all solids levels. If it is desired to work at low solids but still

prevent problems due to segregation then the proper polyelectrolyte

conditions can be tailored for a high viscosity thixotropic suspension.

If full dispersion and high solids is desired then again the poly-

electrolyte conditions can be tailored.
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FIGURE CAPTIONS

Figure 1: Schematic of PMAA and PAA polymer segments.

Figure 2: A stability map showing the amount of adsorbed PMAA-Na required

to form stable suspensions of 20 v/o AKP 30 at-Al 2 03 as a

function of pH.

Figure 3: Viscosity at 9.3 s - 1 versus pH for PMAA-Na stabilized AKP 30

a-A1 2 03 suspensions from 20 to 60 v/o solids concentrations.

Figure 4: The relative number of COO- polyelectrolyte sites and zeta

potential versus pH for 40 v/o AKP 30 a-A1 20, suspensions at pH 9.

Figure 5: Viscosity versus the amount of PAA added for various molecular

weights for 50 v/o AKP 20 a-A1 2 03 suspensions at pH 9.

Figure 6: The sintering behavior of AKP 30 ov-A1 203 for various processing

techniques.
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EFFECT OF FREE POLYELECTROLYTES ON STABILIZED AQUEOUS

SUSPENSIONS

M. Yasrebi. l.A. Aksay, and J. Cesarano

This paper will be submitted and published in ihe near future.

In this paper, we examine how the addition of a low conccntration of free polymethacrylic
acid (PMAA) and polyacrylic acid (PAA) effects the stability ofa-alumina aqueous suspensions.
The PAA we used in the experiments consisted of various moiccular weights. Based on optical
observations and sedimentation experiments, we have found that low concentrations of the
above polvelectrolytes can flocculate the stablc suspensions. Furthermore, our experimental
evidence suggests depletion flocculation as the prime
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PHASE STABILITY AND STRUCTURES IN COLLOIDAL SYSTEMS

M. Yasrebi and l.A. Aksay

This paper will be submitted and published in the near future.

In this paper, we discuss the effect of zeta potential and particle concentration on the
microstructure of colloidal suspensions. We studied these clTccts by making viscosity measure-
ments in aqueous a-A1203 suspensions. We show here that viscosity measurement is a suitable
technique for studying structural formation in the suspension. In addition, we detected transition
between different states of colloidal suspension and plotted a phase diagram. Finally, we discuss
the correlation between the experimental data and the theoretical calculations of the colloidal
phase diagram.

t

i c _ _ _ _



APPENDIX Vi
of Powder Consoldation in Colloida

system

(Aksay 1985)



i

FUNDAMENTALS OF POWDER CONSOLIDATION IN COLLOIDAL SYSTEMS'

lihan A. Aksay

Department of Materials Science and Engineering
University of Washington

Seattle, Washington 98195 U.S.A.

Abstract

Although colloidal dispersion techniques are useful in the elimination of unwanted particle
clusters. during transitions from the dispersed to the consolidated state, particle clusters
form again. We discuss these transitions with a phase diagram that outlines the stability
regions of dispersed'and consolidated states. The size and the p.,cking arrangement of
the particle clusters that form during consolidation can be controlled by the consolidation
procedure followed. Due to the formation of these clustered structures, a narrow pore size
distribution is not easily obtained. Advantages of using polydisperse particle size systems
are illustrated.

1.0 INTRODUCTION

In ceramic processing, powder consolidation and sintering is generally preferred over other
techniques (i.e.. melt-solidification and vapor deposition) for either economic reasons and, or for
its advantages in controlling the microstructure and thus the properties of polycrystalline and
polyphase composite systems. In this endeavor for microstructural control through sintering.
the most fundamental processing steps are (i) processing or selection of the raw materials in
powder form. (ii) consolidation of powders either with the use of liquid suspensions or dry

pressing techniques, and (iii) densification of powder compacts with the application of heat
and/or pressure. The character of the final product is affected by al: the steps of this processing

chain (Fig. 1).!1 In a fundamental approach to processing, we must understand not only the role
of the powder characteristics, but also the role of the consolidation technique and the sintering
path on the final microstructure.

These issues are by no means new research topics. In the field of traditional clay-based
ceramics, experience as well as research findings have long favored the use of colloidal suspension
(slip) techniques to control not only microstructural uniformity but also to fabricate complex

geometries that could not easily be processed by dry pressing techniques. 21 Further, the use of
wide particle size distributions has traditionally been favored to achieve high packing densities

and thus to lower sintering temperatures. 3

'Invited contribution to the seminar on "Ceramics: Today and Tomorrow," of the 20th Anniversary of the Basic
Science Division of the Ceramic Society of Japan. Kobe. Japan. November 27, 198S.
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PROCESSING BY POWDER CONSOLIDATION

MATERIALS 
GLTO R N

DIE C'TLY FRTOM

,SJI:SPEL SION

Fig. 1: Various processing paths followed in powder consolidation. Suspension route is
used to eliminate unwanted particie clusters (agglomerates). Gelation route is for particles
smaller than - 75nm.

In contrast, in the field of modern ceramics, the importance of using colloidal dispersion
and consolidation techniques has not received wide recognition until recent years. Presentiy.

various research laboratories throughout the world have active programs on the processing,

colloidal dispersion and consolidation of submicrometer size powders. 4 ! This renewed interest

in the colloidal approach to processing is mainly a consequence of the reaiization that unwanted

inhomogeneities introduced into a powder compact during the presintering stages generally

remain in the finished product as defects.,5'6

As a result of this renewed interest in the colloidal processing approach, significant advances

have already been made. _-s8 In the following sections. we review the recent advances on the
consolidation of powders by colloidal techniques and outline the guidelines that must be fol-

lowed for the microdesigning of ceramics. Although these recent findings, in most part. are in
agreement with our past experience on clay-based systems, we hope that the new interpreta-

tion of the colloidal consolidation processes presented here will establish the impetus for future

developments.

Our discussion in Section 2 will start with the colloidal consolidation behavior of nearly

monosize. spherical particles in the size range larger than O.ljrn. In Section 3, we will illustrate

that although monosize particles serve a useful role in model studies, as in the traditional

approach. there are clear advantages to using polydisperse particle size systems when the goal

is to complete densification at lower temperatures with minimum amount of grain growth. The
directions that must be taken for future developments are outlined in Section 4.
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2.0 COLLOIDAL PHASE TRANSITIONS

The use of powders in the submicron size range is preferred in order to increase the driving

force for densification and also to form fine-grain microstructures. However. a key problem that

arises with the use of submicron size powders is their tendency to form uncontrolled clusters

due to van der Waals attractive interactions. Immediate consequences of uncontrolled clustering

are that: (i) mixing of multiphase systems becomes difficult. and (ii) packing density variations

associated with these clusters impede densification (Fig. 2).

The first stage of colloidal processing is the preparation of a stable suspension (i.e.. colloidal

fluid or slip) by developing repulsive barriers between particles. The goal in the first stage is to

break up or eliminate unwanted particle clusters. The goal in the second stage is to consolidate

the particles to achieve a desired spatial distribution and packing density.

In the following sections, we will first outline the methodology of preparing dispersed sus-
pensions by controlling particle interactions. Next. we will outline the transitions from dispersed

to consolidated states with a phase diagram. Finally, we will illustrate that during transitions

from the dispersed to the consolidated state, particle clusters will form again. However. unlike

the particle clusters we wanted to eliminate in the first stage. the type of clusters formed during

colloidal consolidation is now under our control.

V

h Fig. 2: Scanning electron micrograph of an .4120:., ZrO2 Composite. Although
this composite was hot isostatically pressed at 1500°C and 207 MPa for 1 hr. low
density regions still remain.
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2.1 Particle Interactions and Dispersed Colloidal State

Dispersion in a colloidal suspension is commonly accomplished either by generating an ionic
cloud around the particles and/or by coating the particles with polymeric or macromolecular

material. In the first case, electrostatic repulsion arises when ionic clouds overlap: and in

the second case, steric repulsion is effective when the adsorbed polymer sheaths begin to fold
back or interpenetrate. The fundamentals of electrostatic, steric. or the combined electrosteric

repulsion mechanisms and the methodology of developing these barriers are discussed in various

text books and review articles.'"'0t The details will not be repeated here. For the purposes of

our discussion, the important aspect is the role of repulsive interactions in counteracting the

van der Waals repulsive interactions.

As illustrated with the case of electrostatic repulsion in Fig. 3. the combined form of the
interaction Dotential between particles can be continuously varied by monitoring one or a com-

bination of the parameters that affect the repulsive interaction. The case illustrated in Fig. 3

5 .I lOOm .. .

0
S5 H=004m

05 3OMV 2
0 3 (b)

2.0 200 400 600 60O 1000
W

0

I 200v

-2 (a)

-3 1 , , I I , I I
0 0.05 0.10

distance, H (MLm)

Fig. 3: (a) Variation in interparticle potential for electrostatically interacting I.Om

diameter particles at surface potentials ranging from 10 to IOOmV. H is the surface to
surface separation distance. Calculations were done for a double layer thickness of 10'6cm
and lIamaker constant of 10-"J. (b) Interaction potential at a separation distance of
O.O4pm as a function of '
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is the effect of surface potential (expressed as zeta potential, q)191 on pair potential. An important
relation to note here is the approximate dependence of interparticle binding energy on f-potential
by the following proportionality (Fig. 3(b)):

E(1)

Clearly, ;-potential is not the only parameter that can be used to regulate the pair potential.
In the case of steric stabilization, this goal is achieved by controlling the extent of polymer
adsorption on the particle surface. In all cases, the first key requirement for the preparation
of dispersed suspensions is to reduce E at the point of particle contact. "i By increasing f
above a critical value (e.g.. througn pH regulation in aqueous systems). nucleation and growth
of particle clusters can be prevented. 12 ! However. maintaining a low E value alone is not the
only requirement for the preparation of dispersed suspensions. As detailed in the next section.

for a given E. the dispersed state will be retained only up to a critical particle concentration.

2.2 Phase Equilibria in Colloidal Systems

In the traditional sense, the onset of the cluster nucleation and growth process corresponds to
the transition point from dispersed to the flocculated state. From a" fundamental point of view.
we will use the terms colloidal fluid and solid in analogy to the fluid and solid states in atomic
systems. In this approach. the dynamics of particle clustering is the central issue. Transition

from the embryo to the critical nucleus and growth stage is considered to be the main distinction
between the fluid and solid states..13 In certain cases (e.g.. injection moldingj the structure of
the fluid may be retained in the solid state by a process analogous to glassy phase formation in

atomic systems.

The main advantage of viewing the process of particle clustering in colloidal systems as
analogous to the nucleation and growth in atomic systems is that we can now outline the
stability regions of colloidal fluid and solid states in the phase diagram forms familiar to us in
the atomic systems. The theoretically calculated phase diagram for a one component colloidal
system (i.e., monosize spherical particles with one type of pair potential) illustrated in Fig. 4

is our first attempt to achieve this goal.17. 141 Here. the stability regions of colloidal fluid and
solid states are outlined as a function of two intrinsic variables: (i) the reduced temperature.
kT/E. where k is the Boltzmann constant. T is the thermodynamic temperature, and E is the
binding energy between particles: and (ii) the particle number density, p. of the suspension.
In the phase diagram. the temperature scale is normalized by the particle-particle interaction

potential. "4 Similarly. the density scale is normalized by the density of the first generation
of particle clusters. In the case of dense packing of monosize spherical particles, the packing
density of first generation particle clusters is 0.74.

The form of this phase diagram is not unique when we work with atomic systems. It is
unique in colloidal systems in the interpretation of the reduced temperature scale. In atomic

systems, the reduced temperature scale is only proportional to the thermodynamic temperature

T since the pair potential in a given system is usually fixed. However, in colloidal systems, the
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interaction potential can be easily varied. As discussed above, in the case of electrostatically

interacting systems, Eq. (1) can be used to express the reduced temperature as:

TR = kT!E (,'o) 2  
(2)

where co is a normalization constant.

In the phase diagram. the colloidal fluid regionj above the critical point CR is labeled as

colloidal gas when the suspension particle number density is lows and as colloidal liquid when
the density is high. In this range. the density change (e.g.. along Path I from G Lo L) from the
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colloidal gas to the liquid state is continuous and the change is not recognized as a first order

transition. However, when the density of the liquid-like state exceeds a certain density L, a first

order transition to a solid-like state starts with the nucleation and growth of particle clusters.

When we work with monosize spherical particles, these first order transitions are referred to as

d:sorder-order transitions.: 15 The ordered state is often recognized by its opalescent property.6i6

With polydisperse systems. the opalescent property can be lost: however, the transition can still

be recognized through variations in other properties. e.g.. rapid viscosity increase at a critical

particle concentration~i_:
1

In contrast to the process along Path 1. if we follow Path 2 from G to G' (e.g.. by changing -

potential as described above), first order transitions from gas- to liquid- and solid-like states are

observed at much lower particle concentrations. '4-" In the traditional ceramics language. this

colloidal fluid region above CR is where we prepare a slip or suspension at low viscosities and

high solids loadings. However. below the critical point. the slip or colloidal fluid region narrows

to low particle concentrations and thus is not suitable for the preparation oi highly concentrated

suspensions. When part of the suspending medium is eliminated, the slip is transformea to a

consolidated state when the particle concentration exceeds the critical concent ration iine outlined

in the phase diagram. Regardless of the path followed. the transition from a coiloidal fluid to

solid state is a nucleation and growth process of particle clusters: thus. we must next understand

the structural variations associated with the multiple clustering of the first generation particle

clusters.

2.3 Hierarchically Clustered Colloidal Solids

In Fig. 5(a). we plot the packing density of monosize (0.Suml silica particles as a function

of C2 (i.e.. kT E) as determined by gravitational settling. "' Here. ,' is the c-potential at the

critical point of the phase diagram presented in Fig. 4. A unique feature is the existence of

two distinct density regimes with respect to this critical c-potential. In the supercritical regime

( > '). the packing density is - 64 -u of the total volume. In the subcritical regime (c < ;,). a

continuous but significant decrease in the packinz iensity down to 10% is noticed. As illustrated

in the scanning electron micrograph of Fig. 5(b). this drastic decrease in the density is due to

the formation of large voids between particle clusters. However, since this continuous density

change as a function of the interparticle binding energy suggests a structural continuity in the

particle clusters, we next examine the microstructural variations of the particle clusters as a

function of E at a higher magnification.

In Fig. 6(a). we illustrate the continuously changing microstructural features of the particle

clusters at three different f-potentials. The unifying feature of these microstructures is that a

hierarchy of particle clustering is observed in all cases. The closely packed. smallest size particle

clusters are identified as first generation particle clusters. 'The entire microstructure in each

case represents the second generation of clusters. In Fig. 6(b). we illustrate the variations in the

arrangement of the first generation particle clusters by highlighting the second generation voids

as dark regions. Here. two features are noteworthy: (i) with increasing interparticle binding

energy, first generation particle clusters become smaller, and (ii) parallel to this change, voids

between these first generation particle clusteri become larger.
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Following this observation on the hierarchical clustering of particles, when we now reexamine
the data of Fig. 5(a), the large voids that are responsible for the significant density decrease in

the subcritical range are classified as third generation voids. In the supercritical range, third

generation voids are not observed. In the subcritical range, as the clusters become stronger with
increasing interparticle binding energy, third generation particle clusters also form. However, in
most ceramic forming processes, these third generation clusters are easily collapsed. 19' Thus.
we have to be mainly concerned with the microstructural variations associated with the second

generation particle clusters and the voids.

The most important implication of this hierarchical clustering during colloidal consolidation
is that even the colloidal suspension routes cannot provide an easy solution to the problem

of packing density inhomogeneities. Although colloidally consolidated microstructures are all
uniform at a scale length larger than the size of the first generation particle clusters, a monosize
porosity distribution is not necessarily obtained by using monosize particles. In fact. as will

be illustrated in Section 3.0. polydisperse particle size systems have clear advantages over the

monosize particle systems.

3.0 MICROSTRUCTURAL EVOLUTION

When colloidally consolidated microstruccures are sintered. first generation particle clusters
sinter faster and at significantly lower temperatutes than the econd generation void regions due
to their higher packing density and smaller pore size. 20 As illustrated in Fig. 7. when we work
with 0.8pim nearly monosize a-alumina (Sumitomo AKP-17ij consolidated by colloidal filtration.

the first generation particles are nearly fully dense at 12001C in I hr:2' but. in order to densify
the second generation void regions and to complete the densification of the entire system, it

becomes necessary to work at temperatures as high as 1.3500C.

S'm m lg ,- -

Fig. 7: Microstructure (SEM) of 0.78 um a-alumina powder compact after partial sintering
at 1200 0 C for I hr. Inter-cluster regions are highlighted in ihe negative image. -
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With this realization, we ask if it is ever possible to eliminate the multimodal nature of

pore size distribution in colloidally consolidated systems and pack the entire system as the first
generation particle cluster itself. We envision three approaches to achieve this goal: (i) start the
clustering process only from a single nucleus by a process similar to the growth of single crystals

in atomic systems. (ii) minimize the size differences between the first and second generation voids
by filling in the voids with smaller particles, and (iii) destroy the hierarchical clustering after its

formation byshear deformation processes as in injection molding. The first approach is a difficult
one especially in the processing of complex systems. The second and third approaches, definitely

have the potential for success. In the following paragraph. we will illustrate the feasibility of
the second approach.

In Fig. 8. we report the overall packing density of a bimodal particle size system consolidated
by the same filtration technique used in the consolidation of the monosize particle size system of
Fig. 7.21! In agreement with previous studies. 2. -3 the maximum packing density is achieved at

a coarse to fine particle ratio of 3:1. The sintering behavior of the end members is compared with
that of this 3:1 mixture in Fig. 9. Consistent with our analysis, the mixture sinters to a fully
dense state at a 100°C lower temperature than the monosize coarse particle system. Further.
when they reach the fully dense state. the mixture displays smaller grain size than the monosize

coarse particle system. 2
4 '

80

-0 75

70,

0 Q2 0.4 0.6 0.8 1.0

volume fraction of fines

Fig. 8: Packing density variation in the bimodal systems with end members of 0.78 and
0.21g=m size particles. "3
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4.0 CONCLUSIONS

The work presented in this review leads us to the following conclusions:

(i) Colloidal dispersion techniques are needed to eliminate particle clusters that form uncon-
trollably due to van der Waals attractive interactions. This approach is especially useful
when we work with multiphase particle systems in the 10-6 to 10-9 m range.

(ii) Transitions from dispersed to consolidated state start as a nucleation and growth process
of first generation particle clusters. these particle clusters form when either the inter-
particle binding energy. E. or the particle number density. p. in the suspension exceeds
a critical value. We outline these transitions with a theoretically calculated E vs. p
colloidal phase diagram.

(iii) Hierarchically clustered microstructures form due to multiple clustering of particle clus-
ters. Consequently. in such hierarchically clustered microstructures. the classification of
the void space follows a similar trend as first, second, and third generation voids. Unlike
the particle clusters that we wanted to eliminate in the dispersion stage. the size and

the spatial arrangement of the particle clusters that form can be controlled by simply
changing the colloidal consolidation path on the phase diagram.

(iV) IZJ most ceramic forming processes, voids that remain in a consolidated structure are
only the first and second generation voids. In sintering these particle compacts. first
generation particle clusters sinter faster and at significantly lower temperatures than the
second generation void regions due to their higher packing density and smaller pore size.

We expect that the key future developments in powder consolidation by colloidal techniques
will complement the findings reported in this paper in the following areas:

()In order to achieve lower sintering temperatures. the goal must be to develop new tech-
niques to consolidate the entire system as the first generation particle cluster itself ((i.e.,
a state approaching monosize pore distribution). An effective way to achieve this goal
is to use poli disperse particle size systems. Suspensions of monosize particles can be no
more than 64 v/o. This barrier of 64 v/o may be surpassed. in terms of space filling
concepts. by using a multimodal or continuous distribution of particle sizes. Although
we have already proven the validity of this concept with a bimodal distribution, we now
need to dleterm ine the proper particle size distribution.

(ii) Some traditional forming techniques (i.e.. slip casting or tape casting) are not suitable for
the elimination of second generation voids due to ti.'. formation of flow channels during
the process of filtration by capillary suction or drying. Advantages of shear deformation

of polymer/ceramic composites (by extrusion and injection molding) should be exploited
in an attempt to reduce and narrow the size distribution of the second generation voids.
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(iii) Presently, we mainly use organic polymers as binders and, or as dispersion media. The
elimination of the organic polymers during the heat treatment stage is always a major

problem. This problem can be avoided by using inorganic polymer's that can be converted
to ceramic phases during heat treatment. For this purpose. contributions of chemists
should be encouraged in the synthesis of inorganic polymers.
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Abstract

In this paper, we compare the sintering behavior of colloidally prepared bimodal a-A120.l compacts to the
behavior of a monosize coarse particle compact. In the range of up to 25 volume % fincs, porc size and

overall pore volnmc decrease continuously as the fine particle fraction increases. As a result, bimodal
particle compacts sinter to full density at lower temperatures than does the coarse particle compact. Also.
the grain sizes of nearly fully dense bimodal compacts are smaller than that of the monosize coarse particle
compact.
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L Introduction

To a great extent, the sintering behavior of a powder compact is dctcrmined by the
microstructure of the green compact, which in turn is controlled by the steps taken in the
processing stages prior to sintering. Three conditions must be met in the green compact in

order to successfully sinter at low temperatures: a small particle size, narrow size distribution
of small pores, and uniform spatial distribution of pores. I lerring (I) perfbrmed a theoretical

comparison of sintering two different sized particle systems with identical packing geometry.

Ile clearly showed that smaller particles sinter much faster because of their larger chemical
potential. This potential is due to their smaller radius of curvature. By analogy, it can be seen

that if the particle size is identical, a compact with smaller pores sintcrs faster than a compact
with larger pores due to the higher chemical potential of vacancies in smaller pore. The pore
structure in a particle compact is determined by both particle size and processing technique.

Recently, the trend has been to use colloidal processing techniques in order to obtain
homogeneous particle compacts (2). 1lowever, the outcome or colloidal processing is always
a hierarchical structure (3). In this structure, there are at least two types of pores; I) smaller
pores between primary particles in the first generation cluster (first generation pores whose size

is determined solely by primary particle size), and 2) larger pores between the first generation
clusters (second generation pores whose size is controlled by primary particle size and processing

technique (4)). Upon heating, as described earlier, the smaller first generation pores sinter
raster than the larger second generation pores.(4) Therefore, once the particle system and the
processing technique are chosen, the sintering temperature of the resulting powder compact
will be determined by the size of the larger second generation pores. In order to lower the

sintering temperature, one must reduce the size of the second generation pores.

In homogeneous bimodal particle compacts, fine particles will occupy the void space

between coarse particles. The space-filling concept suggests that the addition of fine particles

in a coarse matrix results in the reduction-or pore size and overall porosity. Although the
effect of the addition of fine to coarse particles on the pore size reduction is not clarified

experimentally, the effect of bimodal particle systems on packing density has been investigated

theoretically (5) as well as experimentally.(6-8) In spite of the advantages of bimodal particle
compacts, little attention (9-1I) has been given to sintering them. Even the existing experimental
results (9,11) do not clearly illustrate the advantage of bimodal systems due to (eficiencies in

the experimental procedures. In those experiments, samples were prepared by cold-pressing of
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dried powder. In that process, although mixing of the two components may be prorcr. lirge

pores are introduced due to the presence of large, inhomogeneous agglomeratcs In the dried

state. These large pores would tend to offsct the cfect of finc particle addition.

This paper will provide data on the packing behavior of colloidally consolidated bimodal

compacts and will demonstrate that pore size decreases with the addition of fines to the coarse

particle compacts. Also, data on the sintcring behavior will demonstrate that as a result of the

reduction of pore size, the bimodal compacts sinter to full density at lower temperatures than

does the coarse particle compact.

I. Experimental Procedure

As used nearly monosize, pure (1-A12 ( 3 powders (Sumitomo Chemical America, Inc.. New

York, NY (AKP-15 and AKP-50. Purity > 99.9955%) with median particle diameters of 0.78

and 0.21 prm as the coarse and the fine particles. respectively. Bimodal mixtures were prepared

at the fine particle fractions of 0.14, 0.17. 0.20, 0.25, 0.35, 0,40. 0.50, 0.60, 0.70, 0.80, and 0.90

(by volume, weight, or number?). All particle suspensions were dispersed electrostatically in

distilled water at solids content of 50 volume % or greater in order to obtain homogeneous

particle mixtures. Detailed information on the prevention of particle segregation at high solids

content is given elsewhere.( 12) Proper dispersion of the a-A120 3 powders in water was obtained

by adjusting the pi1 fflisher Scientific, Pittsburgh, PA (Accumet pi1 meter)" of suspensions
to 2.5 with I1CI and by stirring the suspensions vigorously on a magnetic stirring plate. To

facilitate the break-up of soft agglomerates, ultra sonic vibration (Fisher Scientific. Pittsburgh,

PA (Sonic Dismembrator 300)) was applied occasionally.

Dispersed suspensions were cast into 5cm x 5cm x 1cm teflon frames placed on a plaster

plate made at the consistency of 75. After approximately 3 hours, the cakes were removed

from the plaster plates and dried at room temperature for 24 hours. All sides of the dried slabs
were ground off in order to remove the inhomogencities generated during filtration. These

inhomogeneitics included artifacts on the sides ciaused by the resistance from the teflon frame,
contamination of the bottom from the plaster plate, and the skin on the top surface formed

by sedimentation. From the ground slab, approxiniatcly Icm x Icm x 0.8cm samples were cut.

Sintering of Bimodal a-A 201 C('ompacts 2
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These werc kept at I 10°C in an air-circulating oven (Fisher Scientific, Pittsburgh, PA (Isotcmp

oven)) until they were needed for the measurements and sintering.

Samples containing 14, 17, 20 and 25 volume % finc particles were sintcrcd in stagnant

air at temperatures between 1000°C and 1550°C for I hour. The samples were loaded in the
furnace (Lindbc;g, Watertown, WI) at room temperature and the furnace was heated up to

the desired peak temperature in 30 minutes. After soaking for I hour at the peak temperature,

the furnace was turned off automatically and was allowed to cool to room temperature.

Densities were measured (Mettler Instrument Corp., llighstown, INJ (Mettler AEI60)) by

a standard liquid displacement technique using distilled water for the sintered sample and

kerosene for the unsintered powder compacts. We calculated closed as well as open porosities.

Reported values are the mean of at least 9 measured samples. Pore neck size distributions of

sintered as well as green powder compacts were measured by mercury porosimctry (American

Instrument Co., Silver Spring, MD (Aminco porosimetcr)). The maximum pressure applied
was 15,000 psi. From the amount of mercury intrusion and applied pressure, the pore neck

size was calculated by the Washburn equation (13) using 0.485 N/m and 140* as the surface

tension of mercury and the contact angle of mercury on ai-A12 0 3 particles, respectively.

Microstructures of sintered samples were observed by scanning electron microscopy (Cam-

bridge Instrument, Cambridge, England (Streoscan Mark Il-A)). These SEM samples were

polished with I tim diamond paste on a nylon cloth. In order to reveal the grain boundaries

for SEM observation, polished samples were thermally etched at 1200'C for I hour for samples
sintered at 1300^C or below and at 13000o for I hour for samples sintered at 1400'C or above.

The heating schedule for thermal etching was identical to that for sintering.

IIl. Results and Discussion

The variation of packing densities in bimodal compacts are plotted as a function of volume

fraction of fines in Figure I. The results of the present study agree well with the previous

experimental results (6,7) which show the deviation from the theoretical modcl.(6) This deviation

from an ideal fine model was subsequently attributed to the particle size segregation that

resulted from improper mixing.(14,15)
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Bimodal mixtures in this study do not satisfy the size ratio (diameter of fines/diametcrs

of coarse) assumed for the ideal model. Therefore, the results shown in figure I cannot be
compared to the ideal model directly. I lowever, close examination of figure I shows a non-linear
increase in packing density in the coarsc-rich region; that is, packing density increases with
fines at a decreasing rate. In the present study, with the use of suspensions that contained >
50 volume % solid, size compositional inhomogeneities resulting from particle segregation

during consolidation were prevented as confirmed through hydraulic resistance measure-
ments.(12) In spite of this precaution, our density data still deviates from linearity. This

suggests that the non-linearity results from another inhomogeneity _ pore density fluc-

tuation due to the presence of first generation clusters. The interpretation of this is that the
addition of fines does not decrease the second generation porosity (between the first generation
clusters) so effectively as it decreases the first generation porosity (within the first generation
clusters).

As shown in figure 2, channel neck size decreases exponentially as the fraction of fines
increases, indicating that the initial small fraction of fines is the most effective for the reduction
of pore neck size. This behavior is consistent with the concept that in uniformly mixed bimodal
compacts, fine particles act as space-filling units and thus the intrusion neck size decreases as

fine particles occupy space between coarse particles. It is important to note that mercury
intrusion provides information about the size of pore neck, not actual pore size (16). I lowever,
in the present study, a smaller neck size infers a smaller pore size as confirmed by the partially

sintered microstructures shown in figure 6.

The sintering behaviors of compacts containing 0, 14, 25, and 100 volume % fine particles

are shown in figure 3. It is reasonable to compare the sintering behavior of bimodal compacts
to the pure coarse particle compact since the bimodal compacts contain at most 25 volume %

fines. The coarse particle compact reaches full density at 1550'C, while the bimodal compacts
containing 14% and 25% fines reach full density at 150'C and 1450*C, respectively. The pure

fine particle compact reaches full density at 1300*C. Ilowever, the sintering of the fine particle
compact will not be discussed further since the main purpose of this paper is to investigate
how the addition of fines to the coarse particle compact affects the sintering behavior.

Close examination of the sintering curve reveals that the differences between sintered
densities of coarse particle and bimodal compacts at each sintcring temperature are always
greater than the differences between their packing densities. This holds until they reach ap-
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proximately 90% of theoretical density (TD). For example, the packing density difference
between the coarse particle compact and the bimodal compact with 14% fines is only -4%.

Ilowever, the sintered density difference at 1300*C increases to -9%. The above observation
clearly demonstrates that the increase in the packing density of bimodal compacts is not the
only cause for their improved sintering behavior. Another factor which contributes to this
enhanced behavior is the reduction of pore size with the addition of fine particles (Figure 2).

In figure 4, the stability of pore channels is shown with a plot of the pore channel neck
diameter as a function of the sintered density. In general, the pore channel neck diameters
decrease as the sintered densities increase. Finally, at nearly full density, the pore size becomes
zero, indicating that any pores left in the compacts are closed. The pore neck growth in
bimodal compacts during the initial stage of sintering is not yet understood.

One important point to note in figure 4 is the cross-over of pore neck size. Initially, the

neck size decreases with the increasing fine fraction at a given sintcred density. l lowever, at
-87% TI), the pore neck size inversion occurs between the two bimodal compacts. Also,

another neck size inversion occurs between the bimodal compacts and the coarse particle
compact at -92% TD. As a result, above -92% TI), the bimodal compact with 25% fines
has the largest pore neck size, and the pure coarse particle compact has the smallest pore neck
size. This neck size inversion indicates that the addition of fines improves the stability of pore

channels, providing against the closure of pores and subsequent closed pore formation, although
initially the addition of fines to the coarse particle compact decreased pore size. Due to the
improved pore stability bimodal compacts. pores remain open until the compacts __

to nearly full density.

Figure 5 shows decreasing open porosity in bimodal compacts during sintering. Data for

compacts containing nothing but open pores would fall directly on the diagonal line. For the
coarse particle compact all the data points are on this line up to -95% sintered density where
the density falls below the line, indicating the formation of closed pores. The position of the
data point, midway between the diagonal line and the base line, indicates that about 50% of
the total remaining porosity is closed pores. Bimodal compacts do not show any detectable
deviation from the diagonal line throughout the entire sintering schedule. This result shows
that the addition of tines improves the stability of pore channels against the formation of
closed pores which hinders the sintering to full density.(17)

Sintcring of limodal a-AI 203 Compacts* 5



The microstructures of the coarse compact and of the bimodal particle compacts with 25%"

fincs arc shown in figure 6. Both compacts were sintercd at 1150'(' for I hour. These

microstructures show the dramatic difference between the initial sintering behaviors of these

compacts. At 1150°( ?, the coarse particle compact is barely sintered and individual particles

are still seen, while the bimodal compact with 25% fines show large, fully sintered patches.

I lowever, large pores which are formed by the flow of water during colloidal filtration and

which are between sintered patches (flow channels) remain unsintered. These microstructures

show that the pores in a bimodal compact is generally smaller than in the coarse particle compact.

Figure 7 shows the microstructures of the coarse and the 25% fine compacts sintered to

nearly full density (97% T). In order to sinter these compacts to the same density at the

same temperature, the coarse particle compact was held at 1400'C for 4 hours while the 25%

fine compacts were held for I hour at that temperature. This treatment prevented very diffcrcnt

grain growth kinetics which would result from sintering at difficrent temperatures (17). It is

evident that the coarse particle compact has a much larger grain size than the bimodal compact.

Grain growth during sintering initiates from regions which dcnsifv early. In powder com-

pacts, densely packed clusters sinter much faster than the loose inter-cluster regions. While

loosely packed inter-cluster regions are %till densifving, fully dense clusters are suffering grain

growth. When the pore size difference between intra-cluster pores (first generation pores) and

inter-cluster pores (second generation pores) is large, more time is required to densify inter-cluster

pores. This results in grain growth. In Figure _ the coarse particle compact

was sintered for 4 hours, while the bimodal compact was sintered for only I hour, showing

that the grain size of the bimodal compact is smaller than that of the coarse particle compact.

IV. Conclusions

We investigated the effects of bimodality on packing and subsequent sintering.

The addition of fine particles results in I) an increase of overall packing density, and 2)

in the reduction of pore size. These two contributions enhance the sintering behavior of

bimodal compacts. With the addition of .5% fines, the sintering temperature of the a-Al203

compact was reduced by DueC. luc to the lower sintering tempcrf;ure and/or shorter sintering

Sinhering of Bimodal -A1203 Compacts* 6



Z

time for the bimodal particle compacts. their final grain size was smaller than that of the coarse

particle compact. In addition, bimodal compacts arc stable against the formation of closed

pores. As a result, all pores remain open until full density is nearly attained.
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FIGURE CAPTIONS

Fig. I: The variation of packing densities with the fraction of lines.

Fig. 2: The variation of channel neck sizes of green compacts with the fraction of fines.

Fig. 3: The sintered densities vs. temperatures of bimodal z-A120 3 powder compacts.

Fig. 4"

Fig. 5: Open porosities vs. sintcred densities of bimodal powder compacts.

Fig. 6: (a) 0% fine, (b) 25% fine sintercd at 1150'(' I hr.

Fig. 7: Microstructure at identical sintered density (97% II)). (a) 1400'(, 4 hrs. 4) % Fine;

(b) 1400*C, I hr, 25% fine.
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APPENDIX VIII

Long Range Particle Segregation in Colloidal Filtration

(Hirata 1987)
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LONG RANGE PARTICLE SEGREGATION IN COLLOIDAL FILTRATION

1'. Ilirata

This paper will be submitted and published in the near future.

Powder consolidation mechanics in colloidal filtration of bimodal particle size system was
analyzed theoretically and experimentally. Dominant consolidation process changes from fil-

tration to sedimentation at the critical time ts. Although the time ts decreases with an increase
in concentration of the suspension, the height of the layer consolidated through filtration by
time ts becomes higher at higher concentration. Long range particle segregation due to differ-
ential mass occurs after the time ts. Ilowever, the particle segregation can be prevented by
increasing the concentration. Packing density and homogeneity of microstructure of the con-
solidated layer increase with prevention of the particle segregation. These concepts on particle
segregation in bimodal system were confirmed with the consolidation experiment in the bimodal
system of O.8pm (75 vol 0o) -. 2j1m (25 vol ,) for A12 0 3.
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CHARACTZRIZATION OF MICROSTRUCTURAL

EVOLUTION BY MERCURY POROSIMETRY

C. Han, I. A. Aksa,, and 0. J. Whittemore

Department of Materials Science and Engineering
College of Engineering
University of Washington, Seattle, WA 98195

ABSTRACT

Evolution of microeructure during the sintering of i-AZzO
compacts formed by colloidal filtration was studied by mercury
porosimetry. It is shown that the decay of the flow channes
created during filtration plaus an important role in the denaifi-
cation process. The retention of open channels until the final
stages of sintering was essential in achieving high sintered densi-
ties.

INTRODUCTION

In the processing of ceramics by powder consolidation tech-
niques, steps taken in the presintering stages play an important
role in the densification behavior during sintering. For example.
one essential requirement is to form the green compacts with uni-
form pore size distribution in order to minimize the variations in
local densification rates during sintering. Experimental

' -s 
and

theoretical 6
,
7 studies have clearly demonstrated that nonuniformi-

ties in a green compact are often amplified during the subsequent
sintering stages as a result of differential sintering rates.

A recent trend in ceramics processing, particularly when work-
ing with submicron size powders, has been the use of colloidal
dispersion techniques to attain uniform microstructures.- In col-

loidal techniques, submicron size powders that otherwise spon-
taneously agglomerate due to van der Waals attractive forces are
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kept dispersed in a fluid medium by controlling the repulsive
interparticle interactions. ' Once a uniform dispersion in the
colloidal suspension stage is attained, the next goal is then to
retain this uniformity while the fluid medium is being eliminated

during consolidation.

Studies have shown that transitions from a dispersed colloidal
suspension to a consolidated state resemble fluid to solid phase
transitions observed in atomic systems. '

a 
For a given interpar-

ticle interaction potential, this fluid to solid phase transition

takes place at a critical particle concentration with the nuclea-
tion of densely packed particle clusters as a multiple site nuclea-
tion process. A direct outcome of this transition by a multiple
site nucleation process is that the resultant microstructures al-
ways contain microagglomerates which we will refer to as domains
hereafter. Due to the formation of these domains, at least two
types of pores result: (1) small intra-domaLn pores, and (2) larger
inter-domain pores. The most important implication of the domain
formation is that even the colloidal suspension routes cannot
provide an easy solution to the problem of packing density inhomo-
geneities. Furthermore, if the suspensions are consolidated by
filtration, the inter-domain pores are modified by the flow of the
dispersion medium which goes into the filter medium through the
inter-domain voids, while the incra-domain voids remain un-
changed.'' The bimodality of the pore size distribution then
becomes more distinct.

In sintering of these compacts, domains sinter faster than the
inter-domain regions due to their higher packing density and smal-
ler pore size (Fig. 1). Secause of this differential sintering
rate, uniform sintering cannot be expected. In this paper we
present data on the sintering behavior of :,-&l-O) compacts forred
by colloidal filtration and illustrate that the pores associated
with the inter-domain regions, i.e. filtration channels, control
the densification behavior during the final stages of sintering.
In addition, we provide data on the sintering behavior of monosize
and bimodal particle size systems and illustrate that sintering
rates can be enhanced with bimodal systems. Finally. we illustrate
the importance of mercury porosimetry, especially in the charac-
terization of the decay of filtration channels during sintering.

EXPERIMENTAL PROCEDURE

Nearly monosize i-AlO 3 powders* with median particle diame-

ters of 0.79 and 0.21 .m were used as the coarse and fine particle

*Sumitomo Chemical America. Inc.. New York, N,!( AKP-15 (0.78 _m)
and AKP-50 (0.21 _m), with >99.99Z purity.
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Fig. 1. Microstructure (SEX) of 0.78 Lim powder compact after par-

tial aintering at 1200°C for I hr. Inter-domain regions

are highlighted in the negative image.

systems. In addition, these powders were used to prepare 
four

binary mixtures at fine particle fractions of 0.14, 0.17, 0.20, and

0.25. Aqueous colloidal suspensions of the monosize and binary

systems at particle concentrations of 55 Z by volume were prepared

at pH-
2
.5 with HC1 additions. Ultrasonic vibration wat applied

occasionally to facilitate the breakup of the soft agglomerates.

Suspensions were then cast on gypsum molds. Samples were prepared

from the filtered cakes end sintered in sir at temperatures between

1200°C and 1500°C for 1 hour. Mercury porosinetry and scanning

electron microscopy were used for characterization.

RESULTS AND DISCUSSION

The variation of packing density with the fraction of fine

particles is shown in Fig. 2. The packing densities of compacts

initially increased with the addition of fine particles as expected

based an previous theoretical and experimental studies. 217 When

fine particles are added to a system of much larger coarse parti-

cles, fine particles first fill the voids between the coarse parti-

cles. Therefore, until all the voids are filled, the partial molar

volume of fine particles is zero, and the packing density of the

mixture increases with the fraction of the fine part icles. After

all the voids are filled, additional fine particles expand the

volume of the mixture compact, and then the packing density 
dec-

reases with the fraction of fine particles.
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A theoretical model on the variation of packing density in
homogeneously packed bimodal systems was first developed by Fur-
nag. 2However, in subsequent experimental studies,, it has

8C.I

S75

70-

3 02 04 06 08 10
volume froction ot fines

Fig. 2. Packing density variation in the bimodal system with end
members of 0.78 and 0.21 -= size particles.

been shown that experimental data always displayed lower densities
than the ones predicted by the model. Our data as presented in
Fig. 2 similarly display deviation from Furnas' idealized model.
In previous studies,"

-
I' inhomogeneities in the mixing of coarse

and fine particles vere proposed as the cause of this deviation.
When the mixing of bimodal particles is not uniform, the partial
molar volume of the fine particles does not follow the value pre-

dicted by the idealized model but deviates from ideality as the

inhomogeneity of the mixing increases.

When working with colloidal systems, homogeneity in mixing can
be achieved in the suspension stage prior to consolidation. How-
ever, problems in long-range particle segregation (on a dimensional
scale larger than the particle domains) may arise during the con-
solidation stage due to differential sedimentation. In the present
study, with the use of suspensions that contained >50 % by volume
of particles, long-range segregation of particles during the con-
solidation stage was prevented as confirmed through electron mic-
roscopic examination and hydraulic resistance measurements. I In
spite of this precaution, the fact that our density data still
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displayed deviation from Fur- __
nae model would suggest 0 21.m
short-range inhomogeneicies.
The implication is that, con-
sisteut with the formation of
particle domains and the for-
nation of filtration channels E Q78.M
around these domains, fine cz -
particles do not decrease the
inter-domain porosity as ef- 078*02,

fectively as the intra-domain I ()porosity.

Channel sizes as measured

by mercury intrusion contin- -
uously decreased with in-
creasing fraction of fine Cc
particles (Fig. 3). This

behavior is consistent with
the concept that, in uniform-
ly mixed bimodal compacts,
fine particles act as space 0
filling units and thus the 0)2 004 3 02 03
intrusion neck size decreases Charnos MneCs daometer (Am)
as fine particles occupy Fig. 3 Channel neck size frequency
space between the coarse of monosize and bimodal
ones. However, it is impor- compacts obtained by mer-
tent to note that, during the coac btine
intrusion of mercury into cury intrusion.

pores with many openings.
mercury penetrates into the
pores through the largest opening, one which is still smaller than
the largest dimension of the channels connected by the necks.
Therefore, mercury intrusion data interpret pores as being cylin-
drical in shape with a diameter equal to the neck diameter. In
fact, a comparison of the data presented in Fig. 3 with the micro-
structure of Fig. I reveals that, while the channel necks deter-
mined by porosimetry are all smaller than 0.2 _m. the microstruc-
ture clearly possesses many pores that are 10 times larger than the
necks.

During sintering of powder compacts, smaller pores disappear
faster than larger pores. Similarly, the channel necks decay
faster than the main body of the channel and, at a certain stage of
densification, this results in the formation of isolated pores. At
this stage, whether these isolated pores will be in the shrinkage
regime or not is determined by the number of grains surrounding a
pore and the dihedral angle at the pore/grain boundary junc-
tions .'...

.  
Therefore, it becomes necessary to control the size

of the isolated pores and thus the number of grains surrounding a

343



pore through variations in channel morphology that in turn affects
their decaying behavior.

1500

o 0 78 m

40 O 0 0 07B0021(3'0
.078021m

1200-

00r

- 000-

25-

0 005 010 015 Z 20
chonn* neck SIZe (jm)

Fig. 4. Change of the largest neck size during the sintering of
monosize (0.78 and 0.21 -im) and bimodal (3:1) systems.

Variations in the channel neck size during the densification oi
the fine, coarse, and bimodal systems are compared in Fig. 4.
During the initial stage of sintering, channel neck growth was
observed in the mixture and the fine particle compacts, whereas no
neck growth was observed in the coarse particle compacts. On
further sintering, necks shrank in all cases and eventually closed
at approximately around the temperature of the last data point in
each corresponding curve. The temperatures at which the neck
closure occurred decreased with decreasing initial neck size. Ho.-
ever, it is important to note that, at the point of neck closure.
the compact with 100% fine particles still contained 5% porosity
(nov as closed pores) while both the binary mixture as well as the
coarse particle compacts had less than 2% porosity.

The detrimental effect of this early neck closure upon the
densification behavior of fine particle compacts in the final stage
of sintering is illustrated in Figs. 5 and 6. Fine particle
compacts initially displayed the fastest 3intering up to 1300

0
C
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(Fig. 5). At this point. due 00 1 T

to the isolation of channels
as closed pores that appear
to be in the growth rather
than the shrinkage regime.
further densification practL- go
cally stopped. On the other
hand, coarse particle com-
pacts and the mixtures showed
lover densification rates
initially; hovever, final !
sintered densities Vere high- L
er than that of the fine
particle compacts. In com-
paring the mixture compacts
and the coarse particle com- 7
pacts, it is apparent that I 0 078 m
the mixtures alvays sintered 0 0.78*021(3:11
faster than the coarse parti- A 021Am
cle compacts (Fig. 5). 1

60

25 '200 '300 '400 1500 1600
sinterinq temperature (IC)

Fig. 5. Sintered density of mono-
size (0.78 and 0.21 um)
and bimodal (3:1) systens.

Fig. 6. Microstructure (SEM)
of 0.21 .m powder
compact after reach-
ing an end point
density of 98.5 % TD
at 1300C for 3 hr.
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CONCLUSIONS

In this study of microstructural evolution, where mercury poro-
simetry was used as the major characterization tool, the following
conclusions can be mde:

(1) In the densification of alumina compacts formed by colloi-
dal filtration of submicrou size particles, the decay of channels,
which are formed during the filtration stage, affected the overall
microstructural evolution. Channel closure at lower densities
resulted in lower end-point densities.

(2) The addition of finer particles was shown not to be detri-
mental to sintering. On the contrary, the sintering temperature
was reduced in bimodal mixture compacts.
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HIGH STRENGTH POROUS CERAMICS. I. PROCESSING

B. Sonuparlak and I.A. Aksay

This paper will be subnnited and published in the near future.

In this paper, we outline the methodology of processing porous ceramics with controlled

pore size, shape, and spatial distribution. In the generation of pores with controlled size and
shape in an alumina matrix system, we used polystyrene microspheres that were processed by

a two-stage polymerization and seeding technique. Alumina and polystyrene was codispersed

either electrostatically or sterically in an aqueous medium. Specimens of porous alumina were

fabricated either by homogeneous distribution of pores all around the sample or by keeping

them inside the sample. Controlled decomposition of the organic microspheres was necessary

to avoid cracking of the compacts during sintering. We also investigated flexural strength and

its variability in these designs with controlled size, shape, and distribution of porosity.
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POROUS A1 2 03 WITH CONTROLLED PORES. IL THE EFFECTS OF PORES ON

FRACTURE PARAMETERS

M. Sakai. B. Sonuparlak, and I.A. Aksay

This paper will be submitted and published in the near fitture.

The primary objective of the present work is to discuss the cffcct of pore size on the

fracture parameters of polycrystalline aluminas with perfectly spherical pores as a fraction of

porosity. The relationship between fracture strength, fracture toughness, modulus of elasticity

and intrinsic flaw size was studied by measuring all four parameters for samples of a given

porosity and diameter of spherical pores. Fracture strength, modulus of elasticity and fracture

toughness were measured by the Knoop-indentation three-point bend bw method, compliance

method, and chevron-notched three-point bend bw method, respectively. IFxperimcntal resultts

are compared with various theories that have been developed for the mechanical properties

materials comprising a continuous isotropic matrix and pores.
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SPINEL PHASE FORMATION AT THE 9800 C EXOTHERMIC REACTION

IN THE KAOLINITE TO MULLITE REACTION SERIES*

B. Sonuparlak. M. Sarikaya, and I. A. Aksay

Department of Materials Science and Engineering
College of Engineering

University of Washington
Seattle, Washington 98195

ABSTRACT

With the use of differential thermal analysis, x-ray diffraction,

ard transmission electron microscopic techniques, we showed that gamma-

A12C3 type spinel phase is solely responsible for the 980
0
C exor;herm in

the kaolinite to mullite reaction series. Transmission electron micros-

coric characterization indicated that the spinel formation is preceedcd

by a phase separation in the amorphous dehydroxyLated kaolinite matrix.

Chemical analysis of the spine1 phase by energy dispersive x-ray Spec-

troscopy revealed a nearly pure A1 203 composition.

October 1986

Presented at the 37th Pacific Coast Regional Meeting of the American

Ceramic Society, San Francisco. CA, October 30. 1984 (055-B-84P).
0 Now with Advanced Materials Division, Flow Indistries. Inc.. Kent.

WA 98032
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1.0 INTRODUCTION

The kaolinite (A1203 '2SiO2 "2HO) to mullite C3A1 203 '2SiO2 ) reaction

series has been the subject of various studies for nearly a century.1 and

still retains its active status as evidenced in most recent publications.
2- 7

However, these studies have not resolved the questions concerning the issue

of which phase formation is responsible for the exothermic reaction commonly

observed at around 9800 C.

The first step in the reaction series is the formation of an amorphous

dehydration product identified as metakaolinite (A1203"2SiO) after an endo-

thermic reaction at - 5500C. In the next step, the formation of crystalline

product(s) from this amorphous intermediate phase results in a prcminent

exorhermic reaction at - 9s80 C. In most studies3 - 17 dealing with this

reaction series, the key issue has been the identification of the reaction

product that results in this exothermic reaction.

The reaction mechanisms proposed for the 980 0C exotherm can be

classified into two general groups. in the first group, the common feature

is the formation of a gamma-Al20 3 type spinel phase and its association to

the exothermic reaction.3- 5 ,8,9,13-17 The differences reported are mainly

concerned with the composition of the spinel phase and whether the muilite

phase (through a parallel reaction) also contributes to the exotherm.
3 .14.16

In contrast to these spinel-based models, the second group proposes the

formation of mullite without any spinel phase. I0 - 12 In view of the

convincing evidence presented in recent studies. 3 ,1 4- 16 the validity of this

second mechanism can now be disputed.

With respect to the spinel-based mechanisms, however, two key problems

still remain on the issues of (i) whether the spinel or the mullite phase is

responsible for the exothermic reaction at 9800 C, and (ii) how much silicon.

if any. is present in the spinel phase. In this paper. we provide the

answer to the first of these questions. We show that the spinel phase alone

is responsible for the exothermic reaction. We alo provide a partial

solution to the second question. showing that this spinel contains less than

10 wt7 silica and is probably very close to being pure alumina.

2



2.0 EXPERIMENTAL PROCEDURE

Well-crystallized kaolinite* was used in all our experiments. Based on

chemical analysis and structural analysis by x-ray diffraction. 1.39 wt%

TiO 2 was identified as the main impurity.1 7 Differential thermal analysis

(DTA)# studies were performed in air, at a heating rate of 10'C/min. up to

1250 0 C. In addition, isothermal heating studies were performed at various

temperatures below the exothermic peak temperature for up to 7 days in a

resistance heated furnace. Phase characterization was performed by x-ray

(Cu K.) diffraction (XRD). Detailed description of the experimental con-

ditions related to XRD and DTA are given elsewhere."7  In-situ beam induced

heating experiments in a transmission electron microscope (TEM)' and high

resolution electron microscopy (HRE4)** were performed in order to observe

the phase changes directly. Chemical analyses of the phases were performed

by utilizing energy dispersive x-ray spectroscopy (ZDS)'I#. Special pcwaer

samples were prepared by heat-treating the original kaolinite at

temperatures below the 9801C exothermic reaction and by treating it with 10

wt% boiling NaCH solution at different periods of time up to 40 :zinutes.

Amorphous silica-rich phase was dissolved during this NaOH treatment.

allowing more accurate evaluation of the chemical ccmpositisn of :he s;inel

crystals which are not soluble under these conditions. The Cliff-Lurimer

method1 8 was used to obtain quantitative analysis of the x-ray spectra.

Kaolinite was used as a standard in the determination of kAl.,i. All data

for quantitative analysis were acquired by tilting specimens 300 towards

the detector. Data were acquired in a multichannel scaler set at 10 kV

range. SiK (at 1.74 kV) and AlK (at 1.48 kV) peaks were separated by using

250 eV energy windows. In all cases, powder samples for TEM characteriza-

tion were suspended on a holly carbon film attached on a 75 mesh Cu grid.

* Georgia Kaolinite (KGa-1); Georgia Kaolin Company, Elizabeth. NJ

# DuPont 900 Thermal Analyzer: E. I. Du Pont de Nemours & Co..

Wilmington. DE

@ Philips 400 El; Philips Electronics Inc.. Mahwah, NiJ

** JEOL 200CX; JEOL USA Inc.. Peabody, ?!A

OD KEVEX 7000; KEVEX Co., Foster City. CA
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3.0 RESULTS AND DISCUSSION

3.1 Formation of Spinel Phase:

XRD analysis of the DTA samples heated to or above the exothermic

reaction temperature always indicated the formation of the spinel phase

along with mullite. This concomitant existence of spine! with mullite led

previous investigators
3 ,14

'
16 

to the conclusion that both of these phases

may be responsible for the exothermic reaction. Therefore, in order to

determine if the formation of these phases could be separated from each

other, we isothermally heat-treated kaolinite at various temperatures lower

than the exothermic peak temperature. In doing so. it was assumed that cnly

one of the phases would be obtained at a given temperature and thus the

contribution of this phase to the reaction would result in a decrease in the

exothermic peak intensity in a subsequent run.

As expected, when kaolinite was subjected to heat-treatment at 850
0
C.

the spinel phase fored before mullite. Figs. 1(a) and (c) show the XRD

patterns obtained after heat-treatment for I and 7 days at S50°C, : spec-

tively. After a one-day heat-treatment, only the formation of pseudo-

anatase, 2A1 203 "2TiO2 "SiO2 , (labeled p) and a large amount of an amorphous

phase was observed (Fig. l(a)). Our calculations indicated that the TiC.

impurity may result in the formation of 2.46 wt% pseudoanatase. A large

amount of an amorphous phase is also expected, because metakaolinite

contains 51.61 wt% Si0 2 and as explained below most of this component segre-

gates as a silica-rich phase during the heat-treatment process. Extended

(7-day) heatings at 850
0
C resulted in the development of the spinel phase

without any mullite Fig. 1(c). The DTA curves of these I- and 7-day heat-

treated samples are shown in Figs. 1(b) and (d). respectively. A signifi-

cant difference is observed between the two samples. While the exothermic

reaction is observed in the DTA curve for the 1-day heat-treated sample

(Fig. 1(b)). it is completely eliminated in the second DTA trace (Fig.

1(d)). In spite of the differences in the DTA curves, upon further heating.

mullite formation is observed to the same degree in both samples.

4



However, since mullite is formed through a diffusion controlled reaction

in the second case, its formation is not easily )bserved in the DTA trace

(Fig. l(d)). This behavior and the information obtained from the XRD

analyses clearly lead us to conclude that the spinel phase alone is

responsible for the exothermic reaction.

Further evidence supporting this conclusion was obtained through

beam-induced in-situ heating experiments performed in a TEM. Although in

the in-situ experiments, the exact temperature of the samples could not be

measured, approximate temperature ranges could be determined through

comparison of the microstructures with those of ex-situ ones. Three

different characteristic stages were observed (Fig. 2). The bright field

(BF) image in Fig. 2(a) was taken after the dehydroxylation had started.

The formation and growth of light-color patchy regions are interreoted to

be associated with the loss of structural water. After the ccmoietlon or

this dehydroxylation process, the structure was determined to be amorphous

by electron diffraction. rhe image in Fig. 2(b) was taken upon further

heating, but to a temperature low enough so that crystallization would not

occur. Careful inspection of this figure reveals a structure sin:ar to

that obtained in spinodally decomposed systems. Further heating to a

higher temperature first resulted in the growth of these phase separated

regions and then the formation of a crystalline phase took place. As

revealed in the bright and dark field (DF) pairs of Figs. 2(c) and (d),

respectively, the size of the crystalline regions was - 5 - 8 nm.

Although we could not obtain isolated electron diffraction patterns, the

analysis of the superimposed patterns indicated only the presence of a

cubic spinel type phase but not mullite. This observation then also

supports the view that spinel and mullite phases do not form in parallel

reactions. Spinel formation takes place first, after a phase separation

process in the metakaolinite.

In order to unambiguously determine that the crystalline phase formed

at the 980
0
C reaction belongs to a spinel phase, we attempted to grow

larger spinel crystals on which electron microdiffrzction experiments would

be performed to obtain isolated diffraction patterns. For this purpose.

samples were externally heated at prolonged times (1 day) at temperatures

5



near but below the exothermic reaction. As illustrated in the TZ:1 images

of Fig. 3, we were successful in growing the spinel grains to sizes larger

than 100 nm. The bright field (BF) image in Fig. 3(a) from a corner of a

particle indicates variations in the structure resembling a contrast asso-

ciated with a crystalline area. In fact, the corresponding dark field (DF)

image in Fig. 3(b) clearly reveals the morphology of the crystalline region

which is surrounded by an amorphous phase at the edge of the particle.

Microdiffraction patterns were received from this region by using a 400 R

diameter electron beam. The microdiffraction pattern in Fig. 4(c) corres-

ponds to a <ll4 >fcc zone axis orientation. The specimen was further tilted

to another orientation, now near <
12 2 >fcc to unambiguously confir= the fcc

structure of the spinel phase. Similar experiments were also perform.ed on

another spinel crystal (FeZnO3 ) which was used as a standard for comparizon.

The growth pattern of the spinel phase was evidenced frzm te high

resolution images taken at high enough magnifications to reveal the crystal-

lographic planes of the spinel grains (Fig. 4). There are several image

features worthwhile to describe here in studying the formation and the

growth of the spinel phase at small scale. Firstly, in Fig. 4(a), two setz

of "oire fringes are revealed on the lower part of the nicrcuraph indicating

that there are two thin layers of crystals situated on top of each other

possibly with an amorphous layer in between. This indicates that spinel

phase grows in layers within an amorphous structure. There is only one

layer, however, near the edge of the particle as indicated by CF and LF

(corresponding to cross fringes and lattice fringes, respectively) where the

thickness of the region in the electron beam direction should be consider-

ably small. Another important image feature is the appearance of the very

small regions, 1.5 to 4.0 nm in diameter (as indicated by black arrows), in

Fig. 4(b). These small crystallites are forming in the amorphous matrix

near the edge of the particle. They exhibit similar lattice spacing with

the larger crystallites. such as the region on the lower left of the same

micrograph. where the phase front (indicated by fat arrows) advances towards

the small crytallites probably joining with them eventually and extending

the spinel region all the way to the edge.
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3.2 Comoosition of the Soinel Phase:

The observation of the spinel phase alone in an amorphous matrix.

during in-situ heating experiments, led us to design another experiment to

answer the second question associated with the composition of the spinel

phase. In previous studies
13

-16 the composition of this phase was always

determined through indirect analyses. However, direct compositional

analysis is now possible by EDS in an analytical TEM if the spinel phase is

physically isolated from the surrounding amorphous phase. For this purpose.

the spinel containing samples, which were produced by extended heating

(7 days) at 850
0
C. were treated with 10 wt% boiling NaOH. As a result.

bulk of the amorphous phase was leached out, gradually leaving the spinel

crystallites intact (Fig. 5). These figures are directly comparable with

the images presented in Fig. 2(b) where the spinel phase was formed by

beam heating. The original shape of the kaolinite crystals is still

retained. Due to the leaching of the SiO 2-rich amorphous phase from the

bulk of the platelets, the images exhibit a contrast resembling a porous

structure.19 Direct microanalysis was performed by EDS on the clusters of

crystallites after different leaching times to measure the amount of Al

and fi from which the amounts of A110 3 and SiO 2 would be calculated. Fig.

6 illustrates the results of the analysis where the amount of SlOe is

plotted with respect to the leaching time. The analysis of this plot

indicates that at extended leaching times () 25 min.) the rate of leaching

of SiO, approaches zero below 10 wt% SiO2 . It is important to point out

that during the leaching process, the spinel crystals appeared to be

unaffected visually. Their XRD patterns were also not different compared

to the unleached and 40 minute-leached samples. This indicates that

neither the particle size nor the composition of the spinel was changed

through a possible reaction with the leachant. These direct microanalysis

results clearly disprove the validity of the previously reported Al-Si

spinel models with significantly higher 0> 28 wtZ) silica contents.13,16

On the other hand, these leaching experiments do not eli=inate the possi-

bility that the spinel phase might actually contain less than 10 wt%

silica if the amount measured by EDS included sm contribution from the

surrounding (unleached) amorphous silica.
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It should be emphasized that as the leaching time is extended the

amount of SiO 2 left in the structure decreases, although less so as the

leaching time is prolonged. The important question is whether this SiO, is

in solution in the spinel phase or it is left between the spinel regions

which are still intact. Assuming that treating with NaOH only affects the

SiO 2 layer between the spinel grains but does not readily affect the layers

trapped between the two spinel grains, we calculated the amount of silica,

at a thickness of 0.25 nm, that may still be present between closely packed

particles of 5 - 8 nm in size to be nearly 10 wt%. The close agreement

between this calculated value and the amount determined by EDS analysis then

supports the view that the actual amount of silica could be less than 10

wt%. This argument is also supported by the fact that by prolonged leaching

treatment the amount of SiO 2 continuously decreases, although the rate is

very small. In fact, as evidenced in some EDS experiments performeo on

occasional spinel particles suspended at the edge of the powders (similar to

the ones shown in Figs. 4 and 5, but now in the leached sample), we obtained

EDS spectra which displayed only Al peak, and a negligibly small Ci peak,

Fig. 7.

4.0 CONCLUSIONS

The main conclusion of this work is that the 980
0
C exotherm in the

kaolinite to mullite reaction series is caused by the formation of a spinel

phase but not by the parallel formation of spinel and mullite as reported in

previous studies.3 ,14' 16 It is also concluded that this spinel contains not

more than 10 wtZ silica (if any). It does not contain a large amount of

silica as has been accepted previously.
13 .16

8



ACOWLEDGEMFNT3

This research was supported by the Defense Advanced Research Projects

Agency of the Department of Defense and was monitored by the Air Force

Office of Scientific Research under Grant No. AFOSR-83-0375. We are

grateful to G. Thomas for the use of the TEM facilities at the University of

California, Berkeley. Initial part of this work on the differential thermal

analysis was performed at the Middle East technical University. Ankara.

Turkey.

9



REFERENCES

1. H. LeChatelier "De L'Action de la Chaleur Sur les Argiles." Bull.

Soc. Franc. Mineral., 10 204-211 (1887).

2. K. J. 1. MacKenzie, I. W. M. Brown. R. 11. Meinhold. and H. E.

Bowden. "Outstanding Problems in the Kaolinite-Mullite Reaction

Sequence Investigated by 
29

Si and 
2 7

A1 Solid-State Nuclear Magnetic

Resonance: I. Metakaolinite," J. Am. Ceram. Soc.. 68 (6] 293-297

(1985).

3. I. W. M. Brcwn. K. J. D. MacKenzie. M. E. Bowden. and R. H.

I!einhold. "Outztanding Problems in the Kaoiinite-Mullite Reaction

Sequence investigated by 29Si and 27Al Solid-State Nuclear Magnetic

Rescnance: 1:, High Temperazure Transformations of Netakaoiinite."

Am. Ceram. Soc.. 68 [6] 298-301 (1985).

4. A. K. Chakravorty. D. K. Ghosh. and P. Kundu. "Comment on Structural
Characterization of Soinel Phase in the Kaolin-Mullite Reaction

Series throuc h Lattice Energy." J. Am. Ceram. Soc.. 69 13] C2C0-201

(1986).

5. S. Mazumdar and B. !ukherjee. "Reply." J. Am. Ceram. Soc.. 69 [8]

C201 (1986).

6. A. K. Shakravorty and D. K. Ghosh. "Comment on Diphasic Xerogels. A

New Class of Materials: Phases in the System A1 203 -SI02," J. Am.

Ceram. soc.. 69 (8] C202-203 (1986).

7. S. Komarneni and R. Roy, "Reply." J. Am. Ceram. Soc.. 69 [81 C204 (19S6).

8. C. S. Ross and P. F. Kerr. "The Kaolin Mineral." U.S. Geol. Sur%.

Prog. Pap., 165E (1930).

9. H. Insley and R. H. Ewell, "Thermal Behavior of Kaolin Minerals." J.

Research N.B.S.. 14 t51 615-627 (1935).

10



10. J. E. Comefore, R. B. Fischer, and W. F. Bradley, '"!ullitizaticn of

Kaolinite." J. Am. Ceram. Soc.. 31 [9] 254-259 (1948).

i1. W. F. Bradley and R. E. Grim. "High Temperature Thermal Effects of

Clay and Related Minerals." Am. Mineral. 36 182-201 (1951).

12. R. Roy. D. M. Roy. and E. E. Francis. "New Data on Thermal

Decomposition of Kaolinite and Halloysite," J. Am. Ceram. Soc..

38 [6] 198-205 (1955).

13. G. W. Brindlev aid :1. Nakahira. "The Kaolinite-!!ullite Reacticn

Series: I-Ii,1" J. %M. Ceram. Soc.. 42 [7] 311-324 (1959).

14. H. J. Perzival, J. F. Duncan, ind P. K. Foster, "Interpretation of

the Kaolinite-llullize Reaction Sequence from Infrared Absorption

Spectra," J, . Ceram. Soc. 57 [2J 57-61 (1974).

15. A. J. Leonard, "Structural Analyiz of the Transition Phases in the

Kaolinite to Mullite Thermal Sequence," j. Am. Ceram. Soc., 60 [1-21

37-43 (1977).

16. A. K. Chakraborty and D. K. Ghosh, "Re-examination of the Kaolinite

to Hlullite Reaction Series." J. m. Ceram. Soc.. 61 [3-4] 170-173 (1973).

17. B. Sonuparlak, "Examination of Kaolinite to Mullite Reaction

Series," Ph.D. Thesis. Middle East Technical University. Ankara.

Turkey (1983).

18. G. Cliff and G. W. Lorimer. "The Quantitative Analysis of Thin

Specimens." J. Microscopy, 103 203-207 (1975).

19. J. D. C. McConnell and S. G. Fleet. "Electron Optical Study of the

Thermal Decomposition of Kaolinite." Clay Minerals, 8 279-290 (1970).

11



FIGURE CAPTIONS

Fig. 1: X-ray diffraction ((a) and (c)) and differential thermal analysis

((b) and (d)) patterns of kaolinite after an isothermal heat treat-

ment at 850 0 C for 1 day (a) and (b)) and 7 days ((c) and d)).

In the XRD patterns, pseudoanatase and spinel peaks are labeled

as p and sp. respectively.

Fig. 2: Morphological changes that take place in kaolinite during electron

beam induced in-situ heating experiments: (a) BF image revealing

the microstructure during dehydoxylation; (b) Microstructure of

metakaolinite before the 9800 C exothermic reactionz (c) and (d) are

the BF and DF images, respectively, which reveal the spine!

crystallites in an amorphous matrix.

Fig. 3: Spinel phase grown at < 980'C for 1 day. (a) and (b) are BF ana

DF images, respectively, revealing the morphology. (c) and (d)

are microdiffration patterns near <1 14 >fcc and <122 >fc e zone axis

orientations, respectively.

Fig. 4: High resolution images of a sample heated at < 980'C for I day.

Images (a) and (b) were taken from region () and (2).

respectively, of the crystal shown in the inset. In (a), two sets

of Moire fringes (indicated by MF1 and MF2) are shown suggesting

layers of crystals. In regions indicated by CF (cross fringes) and

LF (lattice fringes), there is only one layer. In micrograph (b)

beyond the phase front (between the spinel and the amorphous

matrix), there are small crystallites (patchy regions with cross

fringes indicated by the black arrows near the edge) forming in the

amorphous phase.

Fig. 5: (a) and (b) are BF images of the sample heat treated at 850
0
C (I

week) and leached with NaOH to isolate the spinel phase. Images

were taken under sl .cly underfocus condition to reveal small

scale crystals (dark contrast) and pores (light contrast) left

after the removal of the matrix SiO, phase.
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Fig. 6: The amount of silica left in the spinel containing specimen as a

function of leaching time. The wt% silica was calculated from

the amount of Si measured by using EDS analysis in the TEM.

Fig. 7: An energy dispersive X-ray spectrum received from a spinel crystal

formed in a sample heated in the vicinity of 980°C. Only the Al

peak is observed, and almost no Si is present in the structure.
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HIGH RESOLUTION TEM STUDIES OF MULLITE FORMATION IN METAKAOLINITE

Mehmet Sarikaya and llhan A. Aksay

Department of Materials Science and Engineering, University of Washington,
Seattle, WA 98195

Studies on the compressive fracture strength (759 MPa at 1500°C) l and the
flexural strength (700MPa at 1300'C)2 of polycrystalline mullite (3Al O,-2SiO t-
2Al203"Si0 2 ) illustrate its potential for high temperature applications. In
the processing of these high strength mullites, molecularly mixed Al20,-Sio,
precursors are used to enhance mullite formation rates and to achieve micro-
structural homogeneity in the submicrometer range.3 Reaction steps leading
to the formation of mullite in molecularly mixed systems are not adequately
understood.4 The prevailing problems center around (i) the composition of a
spinel phase that forms at around a 980°C exothermic reaction, and (ii) the
concurrent or subsequent formation and growth of mullite. Here, we report
our high resolution TEM results on the formation of the spirel and muilite
phases in a molecularly mixed precursor, metakaolinite (AlO,.2SiO' .

Metakaolinite forms as the denydration product of mineral kaolinite at -5:1C.
Althougn it retains the hexagonal morphology of the orininal kaolinite plat~s
(Fig. 1), metakaolinite appears amorphous. In heat treatment of retakaolinita
up to 1600°%, we observe three distinct reaction stages: (i) prior to the
exothermic reaction at 980°C, density fluctuations which result in a texture
similar to those observed in spinodally decomoosed glass systens, 'ii; at tne
exothermic reaction, the formation of a crystalline phase with spire] struc-
ture: and (iii) subsequent formation and qrowth of mullite. Here, we recort
our observations on the last two stages leading to the for-ation of liQuid
free mullite grain boundaries.

Fig. 2 shows the spinel particles that form in the 3morohcus netakaolinite
matrix at the 980°C exothermic reaction. EDS ano CBED analyses indicmtea
that this spinel phase is nearly identical to nure ,-Al-0, both in cc7-osition
and structure. Above 00OC, while spinel particles disapear, the for-ation
of elongated mullite crystals occurs due, most likely, to a reaction zetween
the spinel phase and the amorphous matrix (Figs. 3(a) and (b)). The structure
of mullite was confirmed by microdiffraction experiments. HREM images taken
from these mullite crystals reveal structural details at atomic scale.
Mullite crystals grow by the formation of ledges along their long edges
(Fig. 3(c)) and the forward movement of these in the [0011 direction. Meta-
kaolinite alone cannot totally transform to mullite since it is deficient in
A1203 . Therefore, we adjusted the overall comDosition to that of mullite
through colloimal mixing of alumina with kaolinite. Mullites formed with
these mixtures have grain boundaries mostly free from any amorphous film
(Fig. 4). The formation of liquid free grain boundaries appears to be
responsible for mullite's suoerior performance at elevatea temperatures.
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FIG l.-(a BFimage of as-received kaolinite particles (suspended on Holy-C

film). BF images (b) kaolinite and (c) metakaolinite are seen before ana
after electron beam induced heating, respectively.

FIG. 2.--(a)BF and (b) OF images of spinel regions (1000*C).
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FIG. 3.--(a) BF and (b) OF irr3qeS reveaIi nql iIite FIG. 4.--HRE.! i"'a.e
crystallites in an amorphous SiQ, rich "'atrix. revealini a "clean
(c) HRE?1 image of a r'ullite crystallite showing mullite-m~ullite cr'in
structural details (1034'C). boundary((v iU
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HIGR RESOLUTION ELECTRON MICROSCOPIC

CHARACTERIZATION OF INTERFACES IN CErAMICS

Mehmet Sarikaya, lIlhan A. Aksay, and Gareth Tbomas*

Department of Materials Science and Engineering
University of Washington, Seattle, WA 98195
*Department of Materials Science and Mineral Engineering

University of California, Berkeley, and

National Center for Electron Microscopy
Lawrence Berkeley Laboratory, Berkeley, CA 94720

ABSTRACT

High resolution electron nicrcscory (hRZ.# is useful in bring-
ing our the microstructural variations, such as structural details
at grain boundaries, at very high resolutions, even at atomic
levels. An important aspect is the examiration of the surface

irregularities at the boundary regions which provide information on
the transformation characteristics of the phases. In this paper,
we present data on the microstructural characteristics of some high
temperature ceramics (silicon nitride, rullite, and aluminum nit-
ride) with particular emphasis on the detection of grain boundary
amorphous phases. Furthermore, the HREM technique 's reevaluated
with reference to other techniques.

INTRODUCTION

Interfaces are of great fundamental and technological impor-
tance in polycrystalline ceramics since their properties, such as
electrical and mechanical, depend largely on the interfrcial char-
acteristics. In the characterization of interfaces in ceramic sys-
tems, electron microscopy provides a unique opportunity. In the

conventional mode, bright-field (OF) imaging does not have suffi-
cient resolution for interfacial details, especially in very thin
regions of second phases which may be present at grain boundaries.
However, high resolut-on electron microscopy (HREM) is an advanced
imaging technique which can provide invaluable information on the

!1
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details of the interfaces, e.g., interfacial steps, and lattice

arrangements at or near the interfaces at atomic levels. 1 
'
2 Espe-

cially important is the detection of thin film amorphous grain

boundary second phases which usually occur in sintered ceramics.

The presence of amorphous grain boundary phases in ceramics is

generally associated with additives that are used as processing

aids. For instance, in the case of silicon nitride ceramics, as a

result of reactions between the surface silica present on the

matrix powder and the processing aids (such as alumina, yttria, and

magnesia) a liquid phase, which wets the grains and acts as a

densifying agent, is formed during sintering.3
- 7 

A similar situa-
tion also arises during the sintering of aluminum nitride with

(e.g., silica or calcia) additives. In the case of mullite, a

metastable liquid phase may be present during the course of dens,-
fication." In all cases, this amorphous grain boundary phase, with

a low softening temperature, becomes responsible for the loss of

strength at elevated temperatures.

The goal of this paper is eiectron oeem

two-fold. First, the techni-

que of high resolution elec-
tron microscopy is discussed.

Second, the use of HREM in the
characterization of grain - _-___

boundaries in ceramics is il-

lustrated with case studies on

silicon nitride, mullite, and 0 -

aluminum nitride. ( ' '

TECHNIQUE a .. a

An ideal condition for 0 -Oc

imaging an interface between

two grains exists when the

interface is parallel to the _ _ _ 0_____________________

incident electron beam direc-
tion.

3'
4 1 0 

In this way, the 00a0. 0 0 0

details of both surfaces on 0 0 0 0 a a 0 a C

either side of the boundary ' 0 0 a G G
will be clearly revealed. For t 0 0 0 a G,
example, such a configuration r0 0 (.0 0 0 0 0
of the grain boundary with a 0 a 0
thin amorphous film is schema-

tically illastrated in Fig. 1.
Here, the boundary is seen Figure 1. Schematic illustration

edge-on with respect to the of an edge-on configuration in

incoming electron beam. In imaging of an interface where the

order to image the boundary, grains are in z.a. orientation.

2
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an objective aperture is used which encompasses the diffraction
spots due to both grains, as well as the diffuse ring (hatched) due
to the inelastically scattered electrons from the amorphous region.
Under favorable conditions consistent with the specimen-electron
beam orientation discussed here and-proper performance of all elec-

tron-optical alignments, a lattice image of the boundary region can
be resolved in a sufficiently thin region of the foil. If both of
the grains are in the zone axis (z.a.) orientation, then the atomic

periodicities are resolved as schematically shown in i1g. 1, pro-
vided also that the correct defocus value has been set with an

objective lens with sufficiently high resolving power (-0.2-0.3
um). The presence of an amorphous layer can then be discerned from

the lack of any atomic periodicity right at the boundary, even if

the layer is 1.0 nm thick. The sensitivity of this image also
depends on the boundary tilt and the defocus value of the image.

Compared to other imaging techniques, such as diffuse dark-
field imaging (DDF)i

0 
in which the objective aperture is placed on

the diffuse ring produced in the diffraction pattern due to the
presence of an amorphous layer at the boundary, higher spatial

resolution is achieved by the lattice imaging technique. In addi-
tion, an amorphous layer might be caused due to external effects,
such as excessive carbon accumulation at the boundary groove which

occurs during the carbon evaporation to the surface of the foil, a
process used to prevent decharging during electron microscopy ob-

servation of insulators.

INTERFACE CHARACTERIZATION IN CERAMICS

Case I: Silicon Nitride

The silicon nitride compact used in this study was prepared
with high purity powders of S-Si 3N,, a-Al 2 0 3 , and Y20 3 with the use
of an aqueous colloidal filtration route. 12 Densification was
achieved by liquid phase sintering at 1750°C and 725 KPa nicrogen
pressure.

12 
The fully dense microstructures produced after this

liquid phase sintering process displayed uniform distribution of
8-Si 3 N. grains (Fig. 2(c)). Two different second phases were
determined within the microstructure: one crystalline and the other
amorphous. Since there is no morphological difference between
these two phases, geometrical effects in the crystallization beha-
vior may be disregarded. However, a compositional analysis by

energy dispersive x-ray spectroscopy (EDS) indicated a higher
yttria content in the crystalline second phase than in the glassy
regions, while electron energy loss spectroscopy 'EELS) showed

higher oxygen content in the glassy regions
3

The distribution of amorphous phase is homogeneous as

revealed in the DDF micrograph of Fig. 2(b). Although the regions

3
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Figure 2. (a) BF and (b) DF images from a thin foil showing
the distribution of glassy phase; (c) low magnification BF
image showing the general microstructure; Wd microdiffraction
pattern from glassy region revealing only diffuse scattering.

indicated as e and d produce similar contrast in the BF image of
Fig. 2(a), only the region d changes contrast in the DDF image. In
fact, microdiffraction from region e produces elastic scattering
while diffuse scattering is produced from region d (Fig. 20)).

At low resolutions and magnifications (Fig. 2(c)), it is not
possible to reveal whether or not grain boundaries are also covered
with a thin (usually 2-10 nm thick) amorphous phase, -which is
usually the case in all liquid phase sintered silicon nitrides. "
Therefore, it becomes necessary to perform 11REM. The example given

4



in Fig. 3 is of interest for
several reasons: First, one
of the grains is Si-Al-Y-

oxynitride and the other is
SiINI. Second, both of the

grains are in the z.a. ori-

entations. An amorphous

phase is clearly seen in the

lower portion as indicated
by Am. However, as one

follows this amorphous

region towards the boundary,

it is seen that several ' '

nanometers inside the boun- -'-'0.

dary the amorphous phase
ends. At this portion of

the grain boundary, atomic
periodicities in both grains

continue right to the boun-
dary and stop when they

reach each other. The
absence of any discontinuity

at the boundary then indi- Figure 3. HREM image of an inter-

cates the absence of an face between a Y-Si-Al-oxynitride

amorphous phase. Fig. 4 and silicon nitride grains.

x 4-

: c. C

Figure 4. Details of the interface shown in Figure 3.
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presents a series of images along the boundary revealing the de-

tails at very high magnifications. Again, the absence of any

amorphous phase film is made obvious by the presence of rows of

atoms in both grains at the points of contact.

One of the objectives in reducing the detrimental effects of

the amorphous phase is to crystallize it during cooling. This
crystallization can be achieved when the liquid phase, which is

present at the sin-

tering temperature,
reaches a composition

of one of the complex
yttrium-aluminum-sili-."
con oxynitride phases.
Many factors can

affect this process,
such as compositional

variations due to in-
homogeneities in
mixing, and the tempe- 

4
.

rature and pressure of

sintering. An example .

of such a case is
shown in Fig. 5. At
the triple junction of
Fig. 5, where normally . i..

an amorphous phase
would be present, lat-

tice fringes are re-

vealed which indicate
that the amorphous
phase has crystal- SIM
lized. However, upon

a close examination of
the boundary between
this crystalline phase

and the silicon
nitride grains, one
can still see a thin

layer of amorphous

film. Micrographs
taken along the .. '
boundary region ; SYON
between the silicon
nitride grains indi- .4
cate that this film is
discontinuous and the Figure 5. Low magnification HREM image

rest of the boundary revealing a crystalline pl,2se, formed

is free from any amor- from the amorphous phase, at a three-

phous layer. grain junction.

6



Case II: Mullite

Mullite (3A12 03.2SiO 2) is the only stable intermediate compound
in the silica-alumina binary system." Mullite's main importance
as a structural material comes from the fact that it has favorable
thermal shock resistance, low specific gravity, good corrosion
resistance, and especially high creep resistance.

In the processing of mullite, recent trends have favored the
use of submicron size particles or molecularly mixed systems in
order to enhance the mullitization process during densifica-
tion.9' 16  The mullite compact that was examined in this current
study was similarly prepared by a colloidal filtration process of
submicron size alumina and kaolinite (AO3.2SiO2 .21:,O). 

'  The
premise of the work was to show that if diffusion distances were
shortened, diffusion controlled reactions could be completed at
relatively low temperatures (<1550'C) to form liquid free mullite.
The results of the electron microscopy observations are as follows.

a

Figure 6. (a) BF and (b) DF micrographs from 1300C sample.
The amorphous phase, G, surrounding the crystals, M, are also
revealed. Alumina crystals are still present as indicated by A.

In Fig. 6, the pair of TEM micrographs displays a characteris-
tic region of a sample that was heat treated At 1300C for 1 hr to
achieve partial densification. In the BF image, small mullite
crystals with well defined rectangular shapes are seen in various
orientations. This is more clear in the dark-field (OF) micrograph
(b), which was taken by using a superimposed reflection formed by
the diffraction from those crystals which change contrast. The
size of these crystals ranges from 10 to 100 nm. Mul lite particles
are embedded in an amorphous matrix which is mostly Si02. (It
should be noted here that because of experimental difficulties and
uncertainties, quantitative chemical analysis by EDS method was
not performed.) The distribution of this glassy phase is seen as a

7



Figure 7. (a) BF image from 15000 C sample. (b) and (c) are
are HREM! images taken along the boundary shown by arrow in
(a) revealing the absence of any amorphous layer.

faint bright background in the DF image (due to diffuse scatter-
ing). The duration of sintering at this temperature was not suffi-
ciently long enough to result in complete dissolution of the alumi-
ns grains within the amorphous matrix. Therefore, some alunina
still remained in the compact (as indicated by letter A in the
micrograph).

A portion of the microstructure evolved after a densification
treatment at 1500°C, for 1 hr, is shown in Fig. 7(a). In compari-
son to the 130000 treatment, considerable growth of mullite crys-
tals has occurred at the expense of the surrounding matrix. Al-
though an amorphous phase could still be detected in certain por-
tions, the amount is reduced considerably and many mullite-nullite
grain boundaries appear to be free of the amorphous phase. HREX is
utilized to examine the nullite grain boundaries. A favorable
configuration of imaging is presented in Fig. 7, where the boundary
between grains B and C, each exhibiting one set of fringes, was
examined. The fringes in grain C are continuous up to the interface
where the fringes in grain B are also revealed. It was ascertained
from this and other micrographs that many grain boundaries were

free from an amo'-phous phase.

Case-Ill: Aluminum Nitride

AIN is a member of the SiAlON system and is used for hightemperature applications.g Only limited work has been reorted on

the Al rich corner of the Si02-AaO n-SiNy-AN system. r Similar
to tbe silicon nitride ceramics, AlN can be sintered with the aid
of sintering additives such as silica and calcia. Small amounts
of silica (5-i0 ) produce alloys near the 211 phase field. The

S

stil emane inth copat as ndcatd y lttr Aint8



samples in the present investigation (with 10% SiO2 addition) were
prepared by a two stage sintering process: First at 2000'C and then
at 2100*C under 300 kg/cm 2 pressure in nitrogen atmosphere.8  In
this research, our intent was to study the 2H to polytypoid trans-
formation. HREM was utilized to examine the details of the 211/
polytypoid interface.

Conventional characterization of the microstructure revealed
high amounts of different types of polytypoids, in addition to the
original 211 structure.

20
'
2 1 

Polytypoids form because of the change
in the stacking sequence. The reason for the local change in the
hcp stacking sequence (ABABAB..) to cubic (ABCABC..) in AIN is
because of the deviation of Al/N ratio from 1. As the Al/N ratio
decreases, more N is taken into the structure. Together with N, Si
and probably 0 are taken into the structure to keep the charge
balance. In fact, a recent study with EELS indicated that oxygen
is indeed incorporated into the polytypoid structure.21 There is
also 5-10% Si in polytypoids as measured by EDS and no Si ir the
original grains.21

An example of
the AIN micro- "-'
structure examined

in this study is
shown in Fig. 8. ""::

In the low magni-
fication BF micro. 
graph (b), one can /
see a triangular

projection of averthree grainjn- -'

interpreted as a ""

"glassy pocket" at
this low magni- , ;

the HREM micro-
graph in (a) re-
veals that this ~ f ~
region is indeed
crystalline and,
interestingly Figure 8. (a) Lattice fringe image and (b)
enough, has an BF image taken from the AIN sample showing
original 2H1 struc- the details of a boundary region (arrow).
ture rather than
the polytypoid seen on the right of the micrograph, which repeats
itself through the whole grain. Another interesting feature in
micrograph (b) is the presence of several different polytypoids in
a grain seen at the top of the picture, which are 'frequently
observed in these samples. Therefore, in this grain, faulting is

9
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not a regular single type but is a combination of different types
which repeat regularly throughout the structure.

It is often very useful to find grains which are half-trans-
formed. Examination of the interfaces between the transformed and
the untransformed regions reveals valuable information about the
nature of the interfaces which could be related to the mechanism of
transformation. Both straight boundaries and boundaries containing
ledges were observed in an earlier study.

2 1 
Fig. 9 shows an ex-

ample of the latter type. In the BF image of Fig. 9(a), the end
part of the long grain is seen where, in either side of the grain,
two small pockets of the original grain (shown by arrows) were left
untransformed. The high resolution image in (b) reveals the de-
tails of the interface between the 2H and the polytypoid where the
steps, or ledges, at the interface are clearly seen. It was hypo-
thesized earlier

1 
that the growth of polytypoids occurs when the

concentration of nitrogen reaches a critical value in the original
structure. Under a positive nitrogen atmosphere and high tempera-
ture, nitrogen is taken into the structure at the boundary by
forming ledges. The size of the ledges and, therefore, the type of
the polytypoid is then determined by the local concentration of
nitrogen in the structure which dictates the Al/N ratio.

3." j,

-.o. .l

Figure 9. (a) BF image showing 2t/Polytypoid boundaries
containing ledges, and (b) IIREM image revealing the de-

tails of the boundary indicated by B in (a),

10
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CONCLUSIONS

High resolution electron microscopy technique was used to re-
veal microstructural details in some ceramic systems. Lattice

image analysis resulted in the folLowing conclusions:

(1) At some grain boundaries of silicon nitride ceramics

(fluxed with alumina and yttria) a glassy phase is absent and in

some cases even a crystalline second phase is observed at three

grain junctions.

(2) In mullite ceramics, mullite-mullite grain boundaries are

shown to be glass-free provided that sufficient time is allowed
during the densification stage to achieve an equilibrium phase

structure.

(3) AIN doped with 10% silica does not contain a glassy phase

but has polytypoids in which the Al/N ratio deviates from the value

in the original, 2H, structure. Stepped, or ledged, interfaces as
well as straight boundaries can be formed between polytyroids/2-l
grains depending on the transformation stage.
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Infrared transparent mullite through densification of monolithic gels at 1250°C

N. Shinohara. D. M. Dabbs. and I. A. Aksey

Department of Materials Science and Engineering. FE-10
College of Engineering
University of Washington

Seattle. Washington 98195

Abstract

Infrared transparent mullite (3AlO3'2SiO ) was formed at 1250
0
C through densification of monolithic

gels. The gels were prepared through colloidal mixing of boehmite (A1OOH. aluminum monohydroxide) and
tetraethoxysilane (TEDS). After four hours at 12500. monolithic gels densified to 98% of the theoretical
density (TD). Densification was promoted by viscous phase deformation of silica (Sin,) during sintering.
The.extent of densification was found to be dependent upon the extent of agglomeration of boehmite powder in
suspension. Transparency in the infrared region was obtained as a result of mullite formation in the
sintered product. The microstuctural evolution during densification and the concomitant spectral transmit-
tances were characterized.

1.0 Introduction

Mullite is considered to be an important structural material for high temperature applications.1 Recent
advances in the manufacture of high purity, -ontrolled microstructure mullite has also revealed its
potential for optical and electronic uses. 

-  
In this paper. we present data on the infrared transparency

of high density mullite processed through densification of monolithic gels at 1250
0
C.

Mah and Mazdiyasni
2
. Prochazka and Klug

3 
and Ohashi et al.

5
. have all reported on the infrared transpa-

rency of fully dense mullite. Each group found it necessary to either apply high pressure or high vacuum at
temperatures above 1500

0
C in order to realize full densification. In contrast to these high temperature

densification methods, various itvestigator; attempted to densify mullite through lower temperature
(<1300'C) densification of gels.-8 Yoldas' manuiactured a transparent aluminosilicate at 13000C using
dried gels. Transparency was achieved through the f9r=ation of nanometer sized pores, resulting in lower
relative densities and reduced strength. Wei et al.' formed gels from colloidal boehmite (AOOH) particles
and tetraethoxysilane (TEOS) and sintered these at 1250

0
C to 93% of theoretical density (TD). Komarneni et

al. have recently reported the formation of mullite from gels having 96% and 97% TD. These ceramics were
sintered at 12000 and 1300'C respectively. Fine grain (<1.0 um) microstructure and translucency were
observed. However. the transparency of the densified gels in the infrared region was not investigated in
any of these studies.

The intent of the present study has been to investigate the formation of infrared transparent mullite
through low temperature densification of monolithic gels. Unlike previous studies, we have successfully
densified monolithic (>2.5 cm in dia.) gels to densities above 97% TD. The densified gels displayed
infrared transparency at 1250

0
C upon formation of mullite. The synthesis and the infrared transmittance of

these materials are discussed in the following sections.

2.0 Excerimental

Monolithic gels were produced from colloidal boehmit. powder suspensions and TEOS. Shinohard
9 

determined
that boehmite agglomeration affected the sintering behavior of the gels. Fig. 1 shows the relationship
between the bulk densities reached at different sintering temperatures and the agglomerate size in sus-
pension. Thus, in the formation the gels for this study, the agglomerates larger than 0.3 tin were removed
through classification by allowing the boehmite suspension to settle for oer two weeks before using.

After classification, the boehmite suspension was mixed vigorously with partially hydrolyzed TEOS
solution at pH 2.5 for approximately four days. The partial hydrolysis of TEOS solution in advance of
mixing it with the boehaite suspension was necessary to prevent segregation of TEOS during gelation. For
this partial hydrolysis, one mole of water was added for each mole of TEOS in an acidic solution (pH 2.0) at
roo temperature. At the completion of the mixing, the resultant mixture was dried at 60

0
C until the onset

of gelation. The incipient gel was thereupon cast into a plastic dish and allowed to completely dry at room
temperature for several days. The dried gels were subsequently sintered 'in air.

Samples of sintered gels were lapped and polished for use in infrared translissivity measurements.
Tranemissivity of monolithic samples was measured on a Nicolet 5DXB FTIR spectrometer. Crushed specimens.
suspended in pressed Kir pellets. were used to gather chemical and phase information.

SPIE Vol 683 Infrared snd OptsI rnmm rn Maefte.s t996J/ IS
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Figure 1. The classification of boehmite powder suspensions results in enhanced densi-
fication. After two weeks of undisturbed sedimentation, agglomerates larger
than 0.3 u m were eliminated from the suspension. Higher densities were then
achieved for the range of sintering temperatures shown. Further classifi-
cation is expected to improve densufication/

3.0 Results

3.1 Densification of ge:

Dried gels of two different compositions were sintered at several temperatures. Samoles of type M were
made from a mixture of boehmite and TEOS calculated to yield stoichiometric mullite. 3A!,O,2SiO. -he
sample type M+l was made from a mixture calculated to yield a final product containing one weighE percent
excess silica. Fig. 2 s ows the effect of sintering temperature upon the density and porosity of stoichio-
metric (type H) samples. As shown. densification is rapid between 1200 and 1250oC. Similarly. in iso-
thermal sintering at 1250°C. the most rapid densification was achieved within the first hour thereafter
proceeding rather slowly (Fig. 3). This rapid densification is attributed to viscous phase deformation of
silica before the onset of mullite formation at 1.50'C (Fig. 4(A)).

9 
The higher densities achieved by the

silica-rich M+I samples also support this viscous phase densification mechanism (Fig. 3). -he decrease in
the apparent density above 1200UC (Fig. 2) is due to the entrapment of porosity associated with the boehmite
agglomerates that ware not totally eliminated in our colloidal processing.9

3.2 Infrared transmittance:

Three samples were used for infrared (IR) transparency measurements. Table 1 lists the sintering tampe-
ratures and densities of these samples. In both samples A and B. mullite was detected as the only crystal-
line phase; whereas. sample C shoved theta-alumina as the crystalline phase but no eullite. The higher
misterod denaity of sample A with respect to that of saple B at 1250C is attributed to the presence of
tcess silica in sample A. This observation provides additional support for the mechanism suggested above
o the enhanced densification due to viscous deformation of amorphous silica.

Table 1. Sintering data on the samples used
for IR transparency measurements.

Sinterxng
Sample Type Temperature. °C % TD

A M+l 1250 97.8
I M 1250 95.2

C N 1200 15.5

20 VffM Vol 40 f b swo NdOpesI P'ram~mng Aafofrtes)9
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Figure 2. The densification of mullite forming gelo Figure 3. Isothermal sintering at 12500 reveals
with respect to temperature demonstrates the advantages the role of viscous phase deformation in densi-
of the sol-gel technique. The data shown was taken ficaton. Two compositions are shown: the
from densification studies on gels made from boehmite filled circles represent data taken from the
powder suspensions and TEOS. in amounts calculated to densLfication of silica enriched gels (type M+l
yield stoichiometric mullite (3Al.lO"2SiO'). The rapid samples in the text) and the open circles reore-
dmnsification between 1200 and 125b'C is ;ttributed to sent comparable data from gels which would yield
viscous phase deformation before the formation of mul- stoichiometric mullite (type K samples in the
lit. Once ullite has formed. densification shows text). The performance of the silica enriched
appreciably (Figs. 3 and 4(A)). The decrease in gels indicates that an increase in the presence
apparent density above 1200'C is due to the entrapment of a viscous phase (in this case, silica)
of pores contained within agglomerates which were not results in better densificatio.
eliminated by classification.

20 25 30 35 40 45 , 50 55
2e(C)

iJgure 4. X-ray eGttrectlon patterns Ot SLI1tree geas ease tree stOjCftcOaetrjC S1unts ot boeheite and
TMOS:
A. Sintaring a get at 1200

0
C for two hours results only in the formation of theta-alumina

(cross-hatched areas) and cristobalit. (solid area).
V. A gel which is Sietged at t250'C for two hours completely transform te mullite.

C ~spit vat 683 kwaVesv and oairat rrowmenef Metasb f1*986 2 t

, ............... -...

• ';/ * . " i " : "



A

co 3557
~2286

C

01

4000 Wavenumbers 1800
(¢M - 1 )

figure 5. The infrared transmittance of three sintered gels was measured on monolithic samples
(Table 2) within the region of 4000 to 1800 cm

- 1 
(2.5 to 5.6 .n):

A. A ilica enriched sample (type M+1) sintered at 1250
0

C exhibited the best overall
trasmittancy. No extranerus bands were observed at the higher wavenunoers and the
intensity of the 2286 cm- absorbenco was reduced.

B. A stoichiometric saple (type M) sintered at 1250
0

C had intermittent transmittancy.
A saronger 2286 cm absorbance the the presence of silanol bands (3746 and 3557
cm ) indicate the presence of a second phase, probably silica rich, which would
ieplain the decrease in transmittancy.

C. A stoichiometric sample (type M) sinterd at 1200
0

C had no transmittancy within the
region of interest. This opacity clearly shows the importance of mullite to the
transparency observed in samples A and B.

Table 2. Data oan the infrared transparency of sintered gels.

Thickness T To
sample (aM) I TD s iU50 (2435 ca

1
)

A 0.35 97.8 3785 2031 0.83 0.59
5 1. 95.2 2435 2086 0.54 0.54
C 1. 75.5 - -- -- --

11g. S contains the infrared transmittance spectra for samples A. B. and C within 1800 to 4000 c€
- 1 

(5.56
to 2.50 us). Table 2 reports the salient features of each sample~s spectra.

Table 2 includes the wavenumber at maximum tranfittasce G the wavenumber at 502 of maximum transmit-
tarce (

0
5). the easured 1rasmaittance at 2435 cm- (T2 4 35 ) and the transmittance at 2435 cam

1 
normalized

tO e thickness of I m. (T 2435)-
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Figure 6. Samples of the sintered &@Is whose A transi ttancy i shown n Fg. 5 -ere taen for

c*emical a Salyis using FTR. Chips were round. sized with K Cr powder. and presse

inato pellets for transmission analysis. The region t00 to 1800 c - sas chosen t ar

the wealth of chemical information available for aluminostLcates there: Samples (A)

and (3). silica-nriched and stoichioeric gels respectively. both sintered ac

12500C. exhibited much the same spectra in this region. Complete characterization has

oo t been completed ast the t he o p writing i but these two samples are qute obviously

phalli. Sample (C)i t samls in e at at1. ha hierri nt sptra sh s200 f. 6 s pectrum

ic dicati of a almuinate, but one lacking the mullite structure. Peaks at 1630 and
1384 ca-" are due to the presence of water in the Kgr matrix and hydrocarbon residue

• within the gels. respectively.

[ The poor transmittance of sample C when compared to that of samples A and B deonstrates the importance

of sullies to infrared transparency. As seen in the KRO pattern (Fig. 4). there was no detectable oullite

phase in the samdples aintared Ot 12000C. Similarly. the fingerprint spectra shown e it L . 
6 show the

characteristic absorption peaks for sallies in samples A and a but not in sample C.*

The band centered em 2286 em-I appears on the spectra of samples A and B. Prochaska and KIug
3  

indicated

that this absorption increasee in intensity with increasing silica content in the mullite solid solution.
Our results are in contradiction with this explanation. It is obvious that the peak intensity is greater in

the sample with less silica. sample B. than it is in the sample with the greater amount of silica, sample A.

This observation suggeets that the peak intensity is not simply ".Ecniated with the amount of dissolved
silica in oullite.

Sample 5 also eshibits bands at 3746 c
-

' (very sharp) and at 3557 c
t 

SbJoad). These bands have been

shown to be associated with silanol (SiOn) groups within the silica network. The 3557 co
- I 

bond is due to

hydrogen-bonded silanol groups. whilst the 3746 ca- band is due to unasnocisted silanol groups. The

presence of silanol groups might also indicate the existence of a residual amorphous silica phase within

suple . If a second phase were found to be present in this sample. thelower transmissivity of sample g

would be explained. XRD snalyis of sample 5 gave a spectrum with very weak peaks which were thought to be

due to silica, but presently this is uncertain. Transmission electron microscopy (TEM) might reveal a

I second phae if it exists, and such analysis is now being planned.
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The spectra shown in Fig. 6 cover a region rich in information concerning the aluminosilicates.
1 1 

Subtle
differences exist between samples A and B. differences which have not as yet been satisfactorily explained.
It i known that complex reaction sequences occur during the formation of mullite at high temperatures.

1 3

The absorption spectra of these mullite ceramics probably result from slight variations in the reaction
sequence. Further infrared characterization. coupled with other techniques. will be necessary to fully
interpret this fingerprint region. However. with respect to processing-related problems. two bands common
to samples A. B. and C should be noted. The sharp peak at 1384 cm

- 1 
appears as a result of the presence of

residual hydrocarbon within the eintered body from the ethoxy groups found on TEnS. Presently. a process to
prevent hydrocarbon entrapment has not been determined. The band at 1630 cm

- 1 
can arise from two contribu-

ting vibrations: first water adsorbed into the KBr matrix, giving the broad band visible bn samples B and
C: and second. a SiO network vibration, resulting in the sharp peak apparent in sample A.1 The presence
of this band in sample A which lacks other characteristic silica peaks is not understood.

4.0 Conclusions

Infrared transparent mullite was sintered from monolithic gels at 1250
0
C to densities as high as 98. TD.

The entrapment of porosity in the aintered gels was found to be associated with boehmite agglomeration. The
transparency of sintered gels in the infrared region was dependent upon the formation ol mullite at around
12500. Infrared absorption analysis can detect small phase differences existing in samples of nearly
equivalent composition.
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Livermore. CA 94550

ALEKSANDER J. PYZIK AND ILHAN A. AKSAY

Dept. of Materials Science and Engineering
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Reaction thermodynamics and wetring studies were employed to evaluate boron
carbide-aluminum cermets. Wetting phenomenon and interfacial reactions are
characterized using "macroscale" and "miCroscale" techniques. Macroscale
evaluation involved alumium sessie drop studies on boron carbide substrates.
Mlcroscale evaluation involved the fabrication o/ actual cermet microstructures
and their characterization through SEM. X.ray diffraction. metallogrophy and
electron microprobe. Contact-angle measurements and interfacial.reaction prod-
ucts are reported.

Introduction

The intent of ihis study is to apply thermodynamic fundamentals as a
means of achieving lightweight boron carbide-aluminum (B 4C-AI) com-
posites. To do this. we analyzed cermet systems based on chemical reac-
tions and wetting phenomenon.

Aluminum is preferred for the development of B4C-cermets because
it is a terrestrially stable metal phase with a low specific gravity. It is also
ductile. nontoxic. relatively inexpensive, easy to obtain, and available in
corrosion-resistant forms. Boron carbide-aluminum cermets have the po-
tential for offering a combination of high hardness and toughness in a
lightweight structure.

Detailed selection criteria for other B4C-metal cermet systems have
been established.' Cermets can and have been made using nonreactive
metal phases.

2 '3 
Most nonreactive metals tend to be nonwetting' and are

not suitable for liquid phase sintering purposes. However. reactive sys-
tems usually meet the wetting requirement. and thus have considerably
more to offer because they (I) may be consolidated by energy-saving-
pressureless techniques, and (2) by nature of the chemical bond at the
interface, can offer cermets with 'tailorable'" prcperties. B,C-AI system
is in this latter group.

Cermets are processed by powder metallurgical techniques. Such
techniques have the advantage of permitting excellent control of the cer-
mets" composition, size. and shape. Cermet powders are sometimes
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formed into shapes by hot pressing, extrusion, slip casting, or dry press-
ing. In the processing of most cermets. the key objectives are ( Ito obtain
a pore free microstructure. where the ceramic grains are homogeneously
distributed in the metal matrix, and (2) to ensure that a good adhesive
bond is established at the ceramic-metal interface. Fully dense micro-
structures are usually achieved by sintering in the presence of a liquid
phase.

Experimental Procedure
We performed experiments under macroscale and microscale condi-

tions, then compared and integrated these results with those of the liter-
ature.

Macroscale experiments examine processing fundamentals that influ-
ence cermet microstructures through the use of large-size constituents.
These experiments involve contact-angle studies of high-purity aluminum
heated atop polished boron carbide substrates I m finishi. After heat
treatment was completed. we measured contact angles to within one de-
gree using a protractor grid and an optical IOX telemicroscope.

Microscale experiments were structured on the macroscale results
and involved the evaluation of sintered compacts. Cermet powders were
mixed in an alcohol slurry ultrasonically treated. and then tiltrated
through a plaster-of-Paris mold. The powders were then cold pressed at
138 MPa. because higher pressures led to striations in the green body.
Pressureless sintering was performed inside a resistance-heated vacuum
furnace at pressures of 1.3xlO-' to 10- Pa. Some samples were sintered
in flowing argon inside an AI.1O, tube furnace at atmosphenc pressure.
Some of the sintered compacts receised hot-isostatic pressing at
750*-1000°C and 207 MPa for up to I h.

Cross sections of the cermet microstructures w.ere polished to a I urm
finish, then examined metallographicall. and with a scanning electron
microscope. To determine the reaction products in the microtructures.
we examined the samples by X-ray diffraction, energy dispersie spectro-
scopy. and electron microprobe analysis.

Thermodynamic Model

Reawon ThermodYnamics
If sintering in the presence of a liquid phase is to occur, the cermet

system must satisfy the reaction thermodynamic criterion that the solid
ceramic phases be partially soluble in the liquid metal phases. This con-
dition is termed "forward solubility."

Forward solubility is best illustrated by examining the WC-Co cer-
met system. This system can be successfully liquid-phase sintered using a
low vol% metal phase between I and 30 vol't. The solubility of WC in co-
balt under equilibrium conditions is I wt~c at 80WC and 2 wt'i at 1000°C.
The solubility of cobalt in WC i, negligible.' Since this sstem satisfies
the forward solubility condition required of all cermets. it is approprate
to model BC cermets similarly.

Figure I schematically represents the model along ssith the WC-Co
system. This model demonstrates an important point %,ith respect to the
chemical tiability of the cermet system. For any particular isotherm, the
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ceramic phase (WC or BC) forms a composition band that connects to
the pure metal (or alloy) phase located atop the diagram. However, since
it is desired to produce a low vol% metal-phase cermet. this processing
region is further restricted to the cross-hatched area below the broken
line. Liquid phase densification requires that the systems within this
cross-hatched area must be in a phase compatibility triangle which in-
cludes the liquid metal phase as an end member. Otherwise. the forma-
tion of reaction products may lead to the depletion of the liquid-metal
phase during sintering. This depletion may occur if the solubility of the
metal in the ceramic phase is high. or if an intermediate ternary com-
pound forms as the reaction product. This undesirable condition is re-
ferred to as 'reverse solubility." The WC-Co system does not suffer from
the detrimental effects of reverse solubility and thus can be densified by
liquid phase sintering. On the other hand. as will be illustrated, the
84C-AI system falls into the reverse solubility category and must be
densified by modified techniques.
Capiilhiy Thermodynamics

The mechanism of liquid-phase sintering is also very much depend-
ent on the capillarity thermodynamic criteria of low contact angles and
zero dihedral angles. Early thermodynamic treatments6 7 of wetting are
based on the mechanistic approach of Young.' Under these treatments.
the solid-liquid-vapor systems is assumed to be at chemical equilibrium.
In wetting studies at elevated temperatures, however, the phases of a
solid-liquid-vapor system are often not at chemical equilibrium. Under
chemical nonequilibrium conditions, the effect of chemical reactions on
interfacial surface energies must be considered, because the phases of
the solid-liquid-vapor system react with one another through the inter-
face to achieve a state of chemical equilibrium. During these nonequilib-
rium dynamic conditions, the interfacial energies and the contact angle
are continuously changing.4 Generally. Aetting is achieved as a result of
chemical reactions.' Therefore. a nonwetting system can be transformed
to a wetting state by taking advantage of chemical reactions.

Results and Discussion

Macroscale Condiloos
Figure 2 shows the wetting behavior of liquid aluminum on boron

carbide substrates. Results presented in this manner provide a very use-
ful processing guide. because both temperature and processing time are
considered. Unfortunately, most of the wetting data in the literature are
presented with the contact angle shown as a function of tenperature only.
often without even mentioning the time of the experiment.

The micrographs of Fig. 3 illustrate the effectiveness of using wetting
data for processing. These micrographs show different fracture surfaces
for B4C-AI (36.4 vol%) cermets processed at two of the isotherms in Fig.
2. After processing in vacuum for only 2 min at 1200'C. wetting conditions
(0<<W1') allow for strong interfacial bonding between boron carbide and
aluminum. This is evident because the ceramic grain has cleaved. fol-
lowed b, ductile tearing of the surrounding aluminum matrix. Processing
in vacuum at 900'C for 2 min shows a completely different fracture mor-
phology. Under these processing conditions (0>>90). strong chemical
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bond is not occurring at ceramic-metal interface due to the lack of wet-
ting. This results in failure of the metal matrix alone, since the boron car-
bide grains can now be torn away from their sites.

Figure 2 indicates that the processing atmosphere also alters wetting
behavior. For example, the same cermet processed at 12000C in flowing
argon exhibits fracture behavior similar to that of Fig. 3(B).

Metallographic investigation of sectioned contact-angle studies indi-
cates that liquid aluminum becomes partially saturated with boron car-
bide, and that various interfacial reaction products form at the solid-
liquid interface. Depending on the processing isotherm, a considerable
amount of time may be required for the aluminum to completely react
with boron carbide and other interfacial products. This implies that if
full densification can be achieved prior to the possible depletion of alu-
minum, it should be possible to achieve stable room-temperature micro-
structures by "freezing in- nonequilibrium conditions during processing.

Microscale Conditions
Figure 4 shows the B-C-A ternary with most of the possible com-

pounds that can be formed. Not all of these compounds are present si-
multaneously and. as shown in Table I. results indicate that only eight
have been observed in microstructures processed between 800°-13000C.
These compounds govern the composition of phases that occur in
BC-AI cermets.

The compounds AI,C.,. AIB.C_ (03-AIBI,) and the solid solution
AIB1 .,C, are high-temperature forms that are not thermodynamically
possible at the processing temperatures of this study. Other forms of bo-
ron carbide. e.g.. B,C. that exist outside the B-C homogeneity range
(9 to 20 at % carbon) were not observed. The compounds AlIBj and
AIB_4C4 are polymorphic and are not distinguishable by X-ray diffrac-
tion:9 however, previous investigations" ) indicate that when carbon is
present, the latter form generally occurs. This is consistent with the com-
bined X-ray diffraction and electron microprobe results of this study.

The appearance of an aluminum-rich unidentified phase also occurs
in B4C-AI cermets and is located in the proximity of the shade region of
Fig. 4. Attempts to identify phase X were unsuccessful because its X-ray
diffraction pattern did not match any binary AI,B,. AI,C,. BC, terna-
ry AIByCe, binary or ternary oxide. oxycarbide, or XDRF patterns.
Computer programs" were employed to identify its structure, but no pro-
totype seems to exist.' 2 Preliminary results indicate that phase X may be
a new isotype.

Attempts to process B4C-AI cermets (with metal contentv form 15 to
48 vol%) to equilibrium conditions were unsuccessful. X-ray diffraction
studies show that for any particular starting composition, the reaction
products always result in the depletion of aluminum,

With this understanding, it is now possible to go back to the reaction
thermodynamic model of Fig. I and determine how B4C-AI cermets fit
the established requirements. The model suggests that a low vol% metal
phase be maintained in the final microstructure. In a nonreactive, yet
wetting. B4C-metal system, the initial amount of metal phase will gen-
erally remain constant unless it is removed by some external forces. e.g..
extrusion from high applied pressure or by evaporation. The reactive
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B4C-AI system, on the other hand. can have starting compositions above
the broken line if (I) reaction kinetics are sluggish enough to allow only
local equilibrium between any three adjacent phases, and (2) the reaction

products result in a microstructure with a low volt metal phase.
Different microstructures were characterized using X-ray diffraction

and electron microprobe. Table I presents the results for cermets proc-
essed at an initial temperature sufficiently high enough to allow for a rap-
id decrease in contact angle, and then subsequently heat treated at dif-
ferent isotherms. Table I shows the local equilibrium phases that are
possible in these cermets, and it gives a qualitative analysis of the reaction
kinetics. Using Table I and Fig. 4. the reaction thermodynamic criterion
is now considered.

Figure 5 shows the microstructures of a "low-temperature'" (800'C)
processed cermet and a "high-temperatur' (1300'C) processed cermet.
As indicated in Table I. B,C-AI cermets offer "tailorable" microstruc-
tures through process control. In the 800°C microstructure. phase X and
AIB, are the major phases that form. Phase X is in local equilibrium with
aluminum and AIB,. and with AIB, and u-AlB,,. In the 1300'C micro-
structure, the tendency is for AIB,C, to form as the major phase. Local
equilibrium in the matrix occurs between phase X. aluminum, and AlC,.
Phase X is a metastable phase that will begin to decrease only when all
the aluminum is depleted from the system.

Table II suggests that controlled microstructures can lead to cermets
with various mechanical properties. Since it is possible to achieve good
interfacial bonding in cermets processed between 800'C and 1300'C b%
initially applying the appropriate capill'ritv thermodynamic conditions.
further property enhancement must occur through heat treatment and
applications of the reaction thermodynamics required to obtain a desired
matrix.

In another publication, we present a more detailed account of the
processing mechanisms that occur in BC-AI cermets." This publication
discusses how reactive-liquid-,,intenng kinetics play a major role in the
distribution of these phases. Without a uniformly dispersed starting
composition, however, kinetics will not allow the system to reach full
density. Future studies, therefore, will attempt to achieve homogeneous
distributions in high-density green bodies through colloidal consolida-
tion.1'

Conclusions
Hard. yet potentially tough. lightw.eight BC-Al cermets hase been

manufactured by applying fundamental thermodynamic guidelines as
processing principles.

In these cermets. sintering occurs through the formation of a
reactive-liquid-metal phase when in contact with the solid-ceramic
phase. Nonequilibrium wetting conditions occur due to chemical reac-
tions at the boron carbide-aluminum interface. These reactions cause a
dynamic stale in the surface energies of the ,. ,tem. ,.hich low.er the free
energy and result in the spreading of the molten metal phase.

Interfacial bonding is required so the characteristics of individual
phases contribute to the properties of the composite as a khole. Guide-
lines for cermet systems can be established based on contact angle data
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that imply these interfacial reactions. Chemical reactions result in indi-
vidual phases with unique properties that allow for -tailorable- micro-
structures. These reactions in turn control the evolving microstructure.

The unique properties associated with the individual phases occur-
ring in B4C-Al cerrnets illustrate that many lailorable- microstructures
are possible.
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Table 1. Phase Behavior. after Capillarity Thermodynamic Criteria
Have Been Met, for Subsequent Heat Treatment at Different Isotherms

Temp (C) 800 900 1000 1100 1200 1300

Phase Behavior with increasing time

Al always decrease

B4 C always decrease

x increase cn- decrease

A18 2  increase

a-AIB 12  constant

A14 C3  increase

AB12 creasein- constant decrease

AIB 24 C4  increase

Table IL1 Mlicrohardness and Density Data for Phases Obtainable in
BX-AI cermets. (From Various Sources in the Literature: Table is
Meant to be Illustrative Only.)

Phase Microhardness (kg/mm 2 ) Density (g/cm 3 )

B4 C 2750 -4950 2.52
AID 2  980 3.16
a-AIB 12  2600 2.56
A1B24 C4 (A13 10 ) 2530 - 2650 2.54
AIB 12 C2  - 2.63
A14 C3  - 2.93
Al 19 2.70
AI-C(lw/o) 47 2.70
Al-C(2w/o) 65 2.70
Al-C(3w/o) 91 2.70

742



F..
Co

Eutectic. 28 v/o W Eutectic, I v/o C

v/0 WWC-Co
Co3W. 32 vlo W system

Co7 Wr, 57 v/o W------1 /

WC, 36 v/o C
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Fig. 2. Contact angle of molten Al on B4C
as a functon of processing time ior vanous
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Fig 3. B4C-AI (36.4 vol%) cermet sintered in vacuum
for 2 min at (A) 1200'C and (B) 900"C.
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theacal extension of the boron carbide
solubility, range.

Fig. 5. B4C-AI cermets showing different phases ob-
tainable after vacuum heat treatment at (A) 800*C for
24 h and (B) 1300*C for 1 hr.
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Abstract

The processing problems associated with boron carbide and the limitations of its mechanical
properties can be significantly reduced when a metal phase (e.g., aluminum) is added. Lower den-
sification temperatures and higher fracture toughness will result. Based on fundamental capillarity
thermodynamics, reaction thermodynamics, and densification kinetics, we have established reliable
criteria for fabricating B4C-AI particulate composites. Because chemical reactions cannot be elimi-
nated, it is necessary to process BC-AI by rapidly heating to near 1200"C (to ensure wetting) and
then subsequently heat treating below 1200'C (for microstructura development).

Introduction Our experiments demonstrated that the

processing problems and mechanical property
Boron carbide (BDC)l is a very hard (9.5' in limitations associated with B4 C ceramics can

Mobs scalel.' low specific gravity (2.521. cova- be significantly reduced by introducing a metal
lent ceramic that offers distinct advantages for phase (i.e.. by developing B, C cermets). If the
applications involving neutron absorption, application is limited to low temperatures, then
wear resistance, and impact resistance. The ex- a low-melting-point metal phase (e.g.. alumi-
treme sensitivity of boron carbide to brittle mum or aluminum alloys) can be introduced to
fracture (Kt - 3.7 MPa m1/1" ) and the dil- obtain lower densification temperatures
cutles associated with fabricating fully dense (<120OoC) and to increase fracture toughness
microstructures are serious limitations, how. many times that of B4C. In addition, if the metal
ever. By using certain additives (e.g., graphite), phase has a low specific gravity, then the re-
8 4C sintered at high temperatures (>2000'Cl suiting cermet can have improved mechanical
can produce microstructures with a high den- properties with low weight.
sity (-98.2% of theoretical density).3 Full den- High-strength (>1000 %tPa) B-C-Al com-
sity is usually achieved through costly hot- poxites consisting of B4C-coated boron fibers in
pressing techniques'; however, even in a fully an aluminum matrix (-50 vot% ceramic) have
dense form. boron carbide's sensitivity to brit- been fabricated. Particulate B,C-metal corn-
tie fracture remains a major limitation. posites cur iently manufactured include ma-

'3,C herein refers to the complete homneneous rauqe of

ompmsuoas for boron carbide.

"Work pe-rformed wasder the mpices id the I.S. tepartmst if Ensetv by tawreare t.ivenrm. National Laboratory under

cmntrart No. W-7e4-I"NG-4S and by the Air Forie ()tfire of Nciessstsc Resirarch under (rant No. AIOStR.3-O?7S at the
jlI"Wy nf lnskinsta,



terials consisting d disperslon-hardened met- studies, and densification studies in the molten
aI (:25 vol% BDC)Ia Boret (30-40 vet% B4CL

7  
aluminum + 1 4C system.

and- 4 C-Cu cemmets (-60 ve% B4CL In thes In conducting our contact angles exper-
composites. processing temperatures are kept ments. we placed aluminum sessile drops on
to a minimum (<100C) primarily to avoid hot-pressed B,C substrates (polished to a 1-gun
chemical reactions between 8 4C and the metal finishl and healed them in a tungsten-mesh re-
phase. sistance-heated vacuum furnace at pressures

In our work with particulate B4C-AI com- less than s x 1o - Pa but wester than 10 4 Pa
posites. which have a greater ceramic content (typically between 10 - and 10 Torr). After
(>5s voi%), we employed processing tempera- the specimens were vacuum cooled to room
tures above I00"C to promote wetting and to temperature and taken out of the furnace, we
permit carefully controlled reactions in the measured the contact angles to within V using
system. Wetting is necessary to achieve strong a protractor grid and optical 10 x
interfacial booding and to allow liquid rear- telemicroscope.
rangament during sintering. If wetting does not To investigate the nature and extent of
occur, external pressure must be applied to im- chemical reactions at the 8,C-AI interface, we
prove consolidation; however, e-rn pressure examined polished (1-in finishl cross sections
techniques are not satisfactory for densifica- of specimens from the wetting experiments us-
tlon of some high ceramic-containing (>60 ing both optical and scanning electron micro-
vol%) composites." scopes. Further studies included x-ray diffrac-

We illustrate the importance of achieving a tion. energy dispersive spectroscopy and
wetting condition in the processing ot high r-e- electron microprobe analyses to identity the re-
ramic-content (>55 vol%) particulate-based action products in the microstructures at the
B1C-AI composites, the importance of under- sintered compacts.
standing the phase equilibria in the B-C-Al In our densification kinetics studies, we
system for the microstructural design of these subjected the B.C-AI powder compacts to
carmets, and appropriate processing methods pressureless sintering. hot pressing and hot-
for producing cermets with negligible porosity. isostatic pressing (IIIP). We sintered specimens

in the tungsten-mesh resistance-heated vac-
Processing Experiments uum furnace at the same pressures used in the

sessile-drop experiments. [lot pressing and HIP
Materials and Specimen Preparation were performed in accordance with the pro-

cessins inlormation in Tables i and 2. To deter-
We used sessile drops formed from high- mine the level of residual porosity we made

purity aluminum shot 199.999% purel. hot- immersion densitv (Dow Corning 200. 2.0
pressed BC substrates made from commercial centistokesi and bulk density measurements on
grade BC powders, and BC-AI compacts made each compact.
from commercial grade B4C and aluminum
powders. Results and Discussion

To prepare thes compacts, we mixed B3C
powder Ithuse partcle-ei distrbutlmns with wtting
media eas of 4. Is. aid so p. IS) and aln-
.lsim powder (-35 mash. Alfa Products) in An importnt point to be realized is that a
Jsopropyl alcool. ultrasonically mixed the nonweting system can be transformed to a
slurry to achieve homogeneity, and consoli- wetting system by taking advantage of chemi-
dated the solids by filtration in a plaster-of- cal reactions.' Previous studies on the BC-AI
Paris mold. These compacts were too weak for system did lot correctly recognize this fact.
handling purposes; therefore, the composite and as a result, both obtusel s -"" and acute'1 

4

powders were subsequently cold pressed at contact angles were reported as equilibrium
138 iPa (-20.000 pail. We found that higher values. Previous works"-" on B,C-AI compos-
pressures resulted in undesirable striations in ites were 4iscontinued when it was concluded
the compacts. that aluminum did not wet boron carbide.

Figure- I shows the contact angle of alumi-
Procedures num on boron carbide as a function of tem-

perature and time. Based on our contact antie
Our processing experiments included con- data. processing of RNC-AI composites below

tact angle measurements, chemical reaction 1000"C cannot be accomplished by

2



pressureless sintering techniques since acute 180 x 1 . to ... Pa vacuu
contact angles are not obtained in reasonably 5 x 10

3 to I avacuum

short times. By increasing the temperature, low 900
contact angles are obtained in reasonably short 14
times; however, because the vapor pressure of 120k- -

perature. an upper processing temperature too V.,limit is also necessary to keep vaporation of the

aluminum to a minimum. 8
The dynamic nature of the contact angle of 60-

aluminum on boron carbide is associated with u40 10. _
the mass transfer across the solid-liquid inter-
face as the system moves towards a state of 20 -

chemical equilibrium. During this dynamic ....
stage the contact angle cannot be expected to 1 10 100 1.000 10.000
remain constant since the interfacial tensions Time (mm.)
between the solid, liquid, and vapor phases Figure 1. Contact angle of molten aluminum
will be continuously changing as a result of iu b .ronc ts n fumltn alumin

the ntefacs. Te ntur of hes acoss on boron carbide as a function of processingcompositional and structural variations across time for various sotherms at 5 10the interfaces. The nature of these reactions tiefrviossthmsa5xreaclol bdPa. Measurements were obtained a-ter sessiie
drop was furnace cooled to room temperature.

Reactiop Thermodunamtcs

At least 9 ternary phases have been re-
ported for the H-C-Al system.'"' conse- XRDF patterns.' Some of the characteristic x-
quently. it is important to select processing ray diffraction lines for Phase X have been re-
conditions that will allow only certain reaction centlv reported."i and enerey dispersive x-ray
products to form so desired properties (negligi- and electron microprobe analvses indicate that
bhi AIC 1) will be obtained. Previous attempts" Phase X is largely aluminum with smaller
to fabricate BC-AI cermets were discontinued amounts of boron and carbon.
when it was concluded that the reaction prod- In a recent study. Sarikaya and Aksav '

'
ucts were detrimental to mechanical characterized the crystal structure and compo-
properties, sition of Phase X by transmission electron mi-

We investigated the reaction products that croscopy techniques. Electron diffraction stun-
occur under different sets of wetting condi- ies indicate that the crystal structure of Phase
tions. Figure 2 illustrates the results of our re- X is HCP with lattice parameters quite different
action thermodynamic studies from 800" to from any of the other binary or ternary phases
1400"C and the reaction products that form in the B-C-Al system. Their preliminary stud-
when local equilibrium conditions are ies by electron energy Ioss spectroscopy indi-
coieved. Under these conditions, sufficient cate that the composition of Phase X corre-

aluminum is present to sustain the reactions sponds to 75%AI-10%B-15%C.
shown. For any starting composition, the initial Boron carbide and aluminum react to form
reaction products will always form at the ex- Phase X. Under local equilibrium between 800'
pense of B.C and aluminum, and 900'C. A1I: and Phase X are the major re-

Figure 3 shows some of the characteristic action products. Under these conditions Phase
microstructures that can be obtained under X is stable, and it will decompose only after all
conditions of local equilibrium. An unidenti- of the free aluminum is depicted from the sys-
fled phase. called Phase X. forms at all of the tern. Above I100C there is less Phase X be-
temperatures in this study. Phase X can coexist cause aluminum is rapidly being depleted
with BC. Initial attempts to identify Phase X throutt, the formation of other more thermodv.
were unsuccessful because its s-ray diffraction namically stable phases.
pattern did not match any binary AI,Ii,. AI,C,. Figure 3(al show% a typical microstructure
0,C,. ternary AI,BC,. binary or ternary oxide, in local equilibrium at the 800' to 900"C range.
nitride. oxycarbide. oxyntride, or carbonitride Small grains ( -5 pm) of BC are surrounded by

3
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lFigure 2. Thermodynamic-reaction -series map for B,C-AI composites initialiv densified at llttO*C
and heat treated under various isothermal conditions between 800' and 1400'C.

M I

Fiure 3. loron carbide-aluminum cermets showing different sintered microstructures obtained
aler initially heating to 1150'C for 2 min. then subsequently heat treatinq at (a) o00*C for 24 h
(initial composition- Uvol%BC-20voi%AIh (bI 10OOC for 1.5 h linitial composition: 70voi%BC-
30vol%Alk and (c) 1300"C for I h (initial composition: 30vol%BC-70voi%Al).
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large, forming ceramic phases. After 24 h of that Phase X will evolve and consequently tie-
heat treatment at 11O*C (Fig. 3(a)j. there is up most of the free carbon required to form
more Phase X and AIR, than B4C (initial corn- AI4C,. Because of its hygroscopic nature and
position: 8Ovol%BC-2Ovol%AI. This micro- poor mechanical properties. AI.C is unde-
structure reaches local equilibrium between sirable. Above 1200"C local equilibrium condi-
Phase X. AIR.. and B4C within tens of hours at tions do not suppress AI4C, formation: how-
800C. After 250 h some AIB2 has decreased to ever. composites with AIC3 whiskers are more
form AIB,,; after 500 h B4C. Phase X. AIB. chemically stable because of a protective layer
AB 1,. AIB,,C. and AlC, are substantially of Phase X around them. Therefore. to process
present in the microstructure. Further heat B4C-AI cermets it is necessary to rapidly heat
treatment indicates a tendency to the rapid de- the composition to near 1200;C to ensure that
pletion of Phase X and an increase of AIB, and wetting occurs and then subsequently heat
AI4C. treat these compositions at temperatures below

The hypothetical compatibility triangle 1200'C if further microstructural development
shown in the lower left-hand corner of Fig. 2 is desired.
illustrates the tendency towards overall ther-
modynamic equilibrium. It is assumed that Densification Kinetics
overall equilibrium is achieved when AIB.
A14C., and BC coexist as stable phases. Fully dense states can be achieved prior to

Above 900'C but below IZ0O0C the follow- reaching desired thermodynamic conditions ei-
ing microstructural differences occur: (1) ther by slowing down reaction kinetics or by
AIB12C. is thermodynamically favored over speeding up densification kinetics. Favorable
AIB,, between 900, and 1000C. and (2 AIB, results can be obtained by employing smail-
continues to form up to 1000'C, however, size powders: however, in our study the larger
above 1000"C AIB. is only present when the B4C powders 56 pm) were primarily used for
microstructure is cooled. Figure 31b) shows a two reasons. First. because appropriate colloi-
microstructure resulting from these local equi- dal processing techniques for codispersing bo-
librium conditions after 1 ! h at 1000'C (initial ron carbide and aluminum powders had not
composition: 70vol%BC-3Ovol%All. yet been developed, the 4- and 10-pm BC pow-

Between 1200" and 1400"C further changes ders resulted in large ag"lomeraies 1250 pm)
in the microstructure occur: (1) AI 4C, is form- which led to microstructural inhomogeneities
ing very quickly (this is associated with a de- during sintering. Secondlv. we wanted to show
crease of the ternary Phase X. (21 AIB.,C 4 is that BC-AI composites could be fabricated
now favored over AIB, 2C, and becomes the ma- without agglomeration problems and at the
jar ternary phase. (3) above 1300'C x-ray dif- same time reduce the rate of chemical reac-
fraction patterns indicate the appearance of a lions by decreasing the BC-,\I interfacial area.
phase previously reported as A149,B .,C R"  but Boron carbide-aluminum compacts will
more recently reported as Al6 B,C 7." ' and (4) neither undergo pressureless nor pressure-as-
at 1400"C AI4 CJ begins to crystallize in the sisted densification unless wetting occurs. Our
shape of short whiskers. Figure 3(c) shows a pressureless sintered compacts always had re-
microstructure characteristic of the local equi- sidual porosity ranging from 23 vol% (for com-
librium conditions after I h at 1300"C (initial pacts containing 30-45 vol% aluminum) to as
composition: 30vol%B 4C-7Ovol%AI). high as 44 vol% (for compacts containing 15-30

At temperatures above 1300'r )verall vol% aluminum). This occurred despite the
equilibrium occurs only after all aluminum fact that conditions for wetting were obtained;
and Phase X are completely depleted from the however, compacts with larger B4C particles
system. This is followed by the decomposition (56 /Aml did achieve higher densities than com-
of AI,C, and the eventual coexistence of graph- pacts with smaller B.C particles (4 and 10 m).
ite. B.C. and 4%10.,C, as the remaining stable Even when pressure techniques (vacuum hot
phases. The compatibility triangle in the lower pressing and IIP) were applied to compacts
right-hand corner of Fig. 2 illustrates this containing between IS vol% and 60 vol% alu.
global equilibrium condition. minum. po;osity was not completely elimi-

Our reaction thermodynamic study deter- nated, although it was significantly reduced.
mined that local equilibrium conditions be- Ilih levels of porosity in the pressureless
tween 80O and 1200'C must be established so sintered compacts occurred because (1) at tem-

. . . . . . . .. . .. ... .... . . .. . ... . . . . . . L _ _5



Table 1. Vacuum-hot pressed B4C-AI densification results. All runs took 75 min to reach maxi-
mum temperature. Maximum temperature hold time was 6 min at the indicated pressure with
pressure being applied after passing through 00"C. Processing environment was -5 X 10-2 Pa
(10- to 10"- Torr). Samples were furnace cooled in vacuum under the indicated pressure. Porosity
was determined by bulk density measurements.

Allutmmum caeise BC pa. size Maximum temp Indicated pressure Residual compact porosity
(v.1%) (ml ('C (NiPal (vol%)

39 <2 118s 15 24
* <2 1160 15 8
Se <2 1050 20 l4
So <20 Ilse 15 22
Sa <20 1100 15 13

peratures required for densification (wetting), tions, liquid rearrangement by capillary action
chemical reaction rates are faster than the will be hindered. This will allow for local den-
spreading rates for aluminum, and (2) at these sification where rearrangement is possible
temperatures the vapor pressure for aluminum (low-stress concentration areas within the com-
is higher than that of the vacuum-processing pact) resulting in aluminum-depleted regions
environment employed. Both of these mecha- where bridging is the strongest.
nisms result in the depletion of aluminum. The Since we desired to achieve densification
formation of new phases (reaction kinetics), without depleting aluminum and also avoid the
however, has the most detrimental effect. previously described mechanisms inhibiting
When enough reaction products have formed, uniform rearrangement, we hot-isostatic
the microstructure becomes "locked up" pressed presintered compacts. (The
prohibiting further rearrangement. This com- presintered compacts were sealed under vac-
bined with the fact that there is an insufficient uum in stainless steel cans.)
amount of molten aluminum to fill the remain- Table 2 shows the results of the hot-iso-
ing pores results in high-porosity final static pressed compacts. Even with HIP. how-
products. ever, the results indicate that a minimum

Table I shows the results of the vacuum- amount of aluminum is required to reduce po-
hot-pressed compacts. These results indicate rosity to neglible levels (::1.o vol%). Hot-iso-
that increasing the aluminum content does re- static pressed presintered compacts had con-
duce the amount of porosity in the cermet. nected porosities <3.5 vol% while
Also. increasing the pressure (while lowering nonpresintered (nonwetted) compacts had
the hot-pressing temperature to slow down the porosites in excess of 10 vol%. As aluminum
depletion of aluminuml reduced but did not content was increased above 30 vol%, con-
eliminate porosity completely. nected porosities dropped to below 1 vol%. A

Densification by hot pressing is inhibited hot-isostatic pressed microstructure is shown
by mechanisms other than just the competition in Fig. 5. The microstructure confirms that the
between phase formation and the capillary uniform application of pressure resulted in (1)
flow of molten aluminum. Figure 4 shows re- accelerating the densification kinetics faster
ios where local densiflcation Is obtained by than the chemical reaction kinetics and (2) the

satisfying the capillarity-thermodynamic crite- elimination of stress-induced microstructural
rion of low contact angles, while grossly porous inhomogeneities.

S regions are sporadically located adjacent to Our study has shown that certain process-
these dense regions. ing tradeoffs must be considered to produce

Axial forces applied to powders during B4C-AI composites. Table 3 summarizes these
vacuum-hot pressing in a graphite die result in tradeoffs.
radial forces on the compact. The magnitude of
these radial forces is largely dependent on the Conclusion,

5 gplasticity of the powders, and always results in
stress-concentration gradients within the com- Based on fundamental capillarity thermo-
pact." When BC grains are forced to bridge or dynamics, reaction thermodynamics, and den-
lock tightly in regions of high-stress concentra- sification kinetics. definite processing criteria

6_
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50UIV
Figure 4. Boron carbide-aluminum (30 voi%) Figure 5. Boron carbide-alumidum 130 vol%)
cermet hot pressed at 1180"C in vacuum (5 x cermet initially sintered at 1180"C for 2 min in
10-2 Pa) for 6 min at 15MPa (-2.000 psi) vacuum (10-' Pa). then subsequently hot-iso-
showing a region of local densification sur- statically pressed at 1000C for 30 min at
rounded by porous regions. 207 NtPa (-30,000 psi) argon. Note improve-

ment in uniformity compared to Fig. 4.

Table 2. Hot-isostatic pressed B4C-AI densification results. All samples were run at the maximum
temperature with a 30-min hold at 207 MPa argon. Heating and cooling rates of 50"C/min were used
at 207 .MPa. Porosity was determined by immersion density measurements after 5 min.

Aluminum content B.C av. grain size Maximum temp Sample presintered Residual connected porosity

(Vol%l (pml *C } 1180 C/2 min/-10-b Pa (vol"!l

is 55 1000 Yes 3.50

30 55 1000 Yes 0.11

45 55 1000 Yes 0.04

30 4 0 No >10

Table 3. Processing tradeoffs for B,4C-Al cernets.

Effect of tradeotf
Parameters that on reactive-liquid

Processing tradeoff control tradeoff sintering mechanism Optimum processing

wailig vs evaporation High lemp vs low tamp Depletion of liquid Use high temperatures
aluminum by for short times
evaporation

Chemical reactiom vs Short time vs tong time Chemical reaction kinetics Speed up densification rate
densificatioa faster than -nsification by applying pressure and/or

kinetics results in slow down chemical reaction
inhibiting rearrangement and rate by increasing BC
depletion of aluminum due to grain size
new phase formation

Axial pressure vs lot pressing vs HIP Stress gradients fltp presintered compacts
isostaltic presure inhibit rearraneement

7
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have been established for obta.ning B4 C-Al Densification is inhibited because chemical re-
composites. In these materials, chemical reac- actions occur faster than capillarity-induced
tions occur between 800' and 1400"C. These in- liquid rearrangement. Therefore, it is neces-
terfacial reactions are the driving force for the sary to apply pressure to accelerate densifica-
wetting of boron carbide by molten aluminum. tion faster than the kinetics of phase formation,
Because the chemical reactions cannot be elim- which is the major hindranc- to rearrangement
inated, it is necessary to process B4C-AI by rap- during pressureless sintering. To ensure micro-
idly heating to near 1200'C (to ensure wetting) structural homogeneity, it is alio necess.r-, to
and then subsequently heat treating below apply this pressure in a uniform manner by
1200"C (for microstructural development). hot-isostatic pressing presintered compacts.
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o IDENTIFICATION OF A NEW PHASE IN THE AL-C-B TERNARY BY HIGH RESOLUTION

TRANSMISSION ELECTRON MICROSCOPY

M. Sarikaya, T. Laoui, 0. L. Milius, and I. A. Aksay

Department of Materials Science and Engineering, University of Washington,
Seattle, WA 98195

The purpose of this note is to report the identification of a ternary (XI)
phase which has been observed as a reaction product during the processing
.of B C-Al composites.1 These ceramic-metal composites (cermets) have the
unique potential for structural applications because of their low density
(> 2.6 g/cc) and a desirable combination of mechanical properties.2

Guidelines for the processing of BC-Al have been successfully established;
and now it is possible to produce tailored microstructures with varying

amounts of constituent phases.
1 ,2

The samples for the analysis were prepared by the following procedure.
First, it was necessary to heat the B4C powder compacts in excess of 2000°C
to attain an interconnected B9 C skeletal structure. Liquid aluminum was

- then infiltrated into this B4C network at 1170°C. This procedure resulted
in microstructures with a homogeneous distribution of B4C and Al phases as
depicted by the BF/DF pair in Figure 1. Second, a post-heat treatment in
the temperature range of 800-1000°C for up to 100 hrs resulted in the
formation of the reaction products that included the new ternary phase as
well as the other binary (such as AlB, and Al4C3 ) and ternary (AIB 1 2 C2 )
phases which effectively alter the properties of the cermet.1'2 The
morphological, crystallographical, and compositional identification of
this new phase was performed by high resolution TEN imaging, diffraction,

-- and spectroscopy techniques.

Figure 2 presents a BF/DF pair recorded from an area similar to that of
S Figure 1, in which the new phase has replaced the Al and B4C regions.
S Interfaces between the new ternary phase and B4 C are coherent and fairly
1- clean as depicted in the HREM image in Figure 3. The crystal structure

was identified to be hexagonal by both electron and X-ray diffration by
using B4C and Al as internal standards. The lattice parameters ao ana co
were determined to be 3.520 A and 5.820 A, respectively (c0/a0 = 1.65).
The compositional analysis was performed by using EELS. Quantitation was
achieved both by calculations 3 and by using standards, namely B4C, AIB z,
and A14 C3, to calculate kB C, kAlB, and kAl C, respectively. Figure 4
presents both the raw specira and the thickness-deconvoluted and
background-subtracted spectra. The analysis of EELS data yielded an
approximate composition given by A14BC.

A combination of TEM techniques was used to determine the crystal structure

and composition of a new ternary Xl-phase in the Al-B-C ternary system.
Studies are presently underway to determine the unit cell structure and
the space group of the Xl-phase by EELS and CBED techniques.

1. D. C. Halverson, A. J. Pyzik, and I. A. Aksay, Ceram. Eng. Sci.
Proc., 6 [7-8] 763 (1985).

2. A. J. Pyzik, I. A. Aksay, and M. Sarikaya, to appear in Ceramic
Microstructures, '86: Role of Interfaces. J. A. Pask and A. G. Evans
(eds.), Plenum, New York, 1988.

3. R. Egerton, EELS in the Electron Microscope, Plenum, New York, 1986.
4. This research was supported by the Air Force Office of Scientific

Research (AFOSR) and DARPA and was monitored by AFOSR under Grant
No. AFOSR-83-0375.



FIG. 1--B3F/DF pair
revealing homogeneous
distribution of 3B.C
particles in Al matrix.
DF image was recorded by
using an Al reflection.

- -

FIG. 2. --BF/OF pair presenting a microstrucTure FIG. 3.--HREM image of a
where the X1-phase has replaced Al. OF image B,.C-XI-phase interface;
was taken by using a Xl-phase reflection. A: XI-phase, and B: B4C.
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FIG. 4.--An EELS spectrum acquired from an Xl-phase region revealing
Al-L 2,3, B-K, and C-K edges. Deconvoluted and background subtracted
spectrum is also shown. (Conditions: foil thickness -0.73 m.f.p.;
d = 100 nm; spectrometer entrance aperture - 2.0 nmm; collection
angle - 100 mrad; acquisition mode: TEM image; serial recording;
E0 100 kV)
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-- TRANSMISSION ELECTRON MICROSCOPY

M. Sarikaya, T. Laoui, D. L. Milius, and I. A. Aksay

Department of Materials Science and Engineering, University of Washington,
Seattle, WA 98195

The purpose of this note is to report the identification of a ternary (XI)
phase which has been observed as a reaction product during the processing
-of B C-Al composites.1 These ceramic-metal composites (cermets) have the
unique potential for structural applications because of their low density
(> 2.6 g/cc) and a desirable combination of mecnanical prooerties. 2

Guidelines for the processing of BC-Al have been successfully established;
and now it is possible to produce tailored microstructures with varying
amounts of constituent phases.1 ,2

The samples for the analysis were prepared by the following procedure.
First, it was necessary to heat the B4C powder comoacts in excess of 2000°C
to attain an interconnected B4C skeletal structure. Liquid aluminum was

- then infiltrated into this B C network at 1170C. This procedure resulitea
in microstructures with a homogeneous distribution of B.C and Al onases as
depicted by the BF/DF pair in Figure 1. Second, a post-neat treatmen: in
the temperature range of 800-1000°C for up to 100 hrs resuitea in the
formation of the reaction products that inc)udea tne new ternary pnase as
well as the other binary (sucn as AlB, and AlC,) and ternary iB.:Cz)
phases which effectively alter the properties of the cermet.- The
morphological, crystallograDhical, and compositional identification of
this new phase was performed by high resolution TEM imaging, diffraction,

-- and spectroscopy tecnniques.

Figure 2 presents a BF/DF pair recorded from an area similar to that of
Figure 1, in which the new phase has replaced the Al and B,C regions.
Interfaces between the new ternary phase and BC are conerent and fairly

4- clean as depicted in the HREM image in Figure 3. The crystal structure
was identified to be hexagonal by both electron and X-ray diffration oy

.. using B4C and Al as internal standards. The lattice parameters aq ant co
were determined to be 3.520 A and 5.820 A, respectively (c]/a0  1.65).

V. The compositional analysis was performed by using EELS. Quantitation was
achieved both by calculations 3 and by using standards, namely B,C, Ala',
and AIbC 3, to calculate kB C. kAlB, and kAiC, respectively. Figure 4
presents both the raw spectra and the thickness-deconvoluted and
background-subtracted spectra. The analysis of EELS data yielded an
approximate composition given by A1IBC.

A combination of TEM techniques was used to determine the crystal structure
and composition of a new ternary X1-phase in the Al-B-C ternary system.
Studies are presently underway to determine the unit cell structure and
the space group of the X1-phase by EELS and CBED techniques.
1. 0. C. Halverson, A. J. Pyzik, and I. A. Aksay, Ceram. Eng. Sci.

Proc., 6 [7-81 763 (1985).
2. A. J. Pyzik, I. A. Aksay, and M. Sarikaya, to appear in Ceramic

Microstructures, '86: Role of Interfaces, J. A. Pask and A. G. Evans
(eds.), Plenum, New York, 1988.

3. R. Egerton, EELS in the Electron Microscope, Plenum, New York, 1986.
4. This research was supported by the Air Force Office of Scientific

Research (AFOSR) and DARPA and was monitored by AFOSR under Grant
No. AFOSR-83-0375.
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MICRODESICNflG OF CERAMIC-METAL COMPOSITES

A. J. Pyzik. 1. A. Akray. and M. Sarikaya

Department of Materials Science and Engineering
College of Engineering
University of Washington. Seattle. WA 98195

ABSTRACT

Microdesigning of ceramic-merai comoosites ia described in caem-
icalZy comoatible and incompatible systems. The problems associated ui=h
microstructural design are addressed with resp'ect to capiZ~.arizy and
reaction thermodynamics. The B4C-AZ system is used to illustrate the
formation of tailored microatrucrures which ezhibired average fracture
strength of $21 Va and fracture toughness of 9.7 . -.a72/ 2 at 36 v/o At
content.

INTRODUCTION

Ceramic-metal composites, when properly processed. combine the use-
ful properties of ceramic and metal materials into one system. Perhaps
the oldest example of a ceramic-metal composite is found in the Fe-C
system, where pearlite combines bcc-iron and Fe3C into a eutectoid micro-
structure. Formation of this composite structure takes place through
solid state reactions below 723

0
C.

In contrast, the synthetically processed group of refractory
carbide-metal composites have traditionally been processed by liquid
phase sintering. Liquid phase Sintering is an effective lower cost
fabrication process; 1'4 however, its applicability to ceramic-metal
composites has only been illustrated in thermodynamically compatible
systems. The WC-Co and TiC-Ni systems are the best studied examples of
these thermodynamically compatible systems. Most ceramic-metal composite
systems of interest, however, are thermodynamically incompatible at ele-
vated temperatures. Therefore, when the liquid phase sintering approach
is attempted, chemical reactions may result in the depletion of either
the metal or the ceramic phase prior to full densification.
Consequently, a number of difficulties have been encountered in the
development of many ceramic-metal composite systems.

5- 7  
Low tempera-

ture, solid-state densification methods provide a rolution to the phase
depletion problems encountered at elevated temperatures. However. the

main disadvantage of low temperature processing methods is that. in the
absence of chemical reactions. wetting of the ceramic by the metal phase
is not always achieved. In such cases, even with high pressure forming
techniques porosity is not completely eliminated.
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densificorton

A icrostrucrure

ond Intertaces

mecnonicol properties

wettinq chem:c01 reacions

Fig. 1. The relationship between key processing factors
that play a key role on microstructure deveiopment
ann mechanical properties.

In this paper, we illustrate a methodology to circumvent the pros-
lems encountered in the microdesigning of ther-odynamically ircc=oat:oe

ceramic-metal composites in terms of the wetting charact. tstics or the
ceramic phase by the metal, the rate of chemical react: %. at the inter-
faces, the resultant microstructures. and mecmanical properties (Fig. 1).
The wetting requirement is satisfied by taking aavantage of the cnemical
reactions between the metal and the ceramic phases. Since the retention
of the metal phase in the final prcduct is an essential requirement, we
minimize the detrimental effect of the chemical reactions by using an
infiltration technique to achieve fully dense composites prior to the
depletion of the metal phase. Opti=ization of processing parameters and
composite properties is illustrated with the case studies on 34 C-=etal
composites.

CAPILLARIT! AIM REACTIOZJ THEPCDYNAMICS

In order to achieve inti.ately mixed multiphase combinations, the
first requirement is to control the wetting characteristics of the solid
phases by the liquid metal. At high temperatures, solid, liquid, and
vapor phases are often under chemical nonequilibrium conditions. Under
these conditions, chemical reactions at the interfaces result in a change
in the interfacial free energies and thus the contact angle.

8 In most
cases. nonwetting systems can be transformed to wetting ones by taking
advantage of these chemical reactions. 8 However. mars transport across
the interface that initially results in wetting may now result in the
formation of new phases in excessive amounts. The for-ation of reaction
products may then lead to the depletion of the liquid phase. Therefore.
in most ceramic-metal systems, the control of chemical reactions is the
first key processing factor that must be consideren.

A typical example of a thermodynamically incompatible ceramic-metal

system is the B4C-AI composite which offers advantages in low density
(0 2.7 g/cc) applications. In this system, wetting is not readily
achieved below about 1100°C. However at temperatures above 12000C. a
contact angle of 200 is achieved within three minutes (Fig. 2). In this
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case. the condition leading to wett:ng :s asoc:at '::t te rat::

formation of new phases.) As a result. :il'zi pnase s rer:ig c: 24C-A1L
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formation of seven binary and te.ar- ' f ases nas Leen est3:D.ize. tetveen

680
0
C (the melting temperature or Al) ana: 4"V"., -.e =a':r ;:ases

formed are AIS3, and A.13C belcw 1COCC. A!13,:> an: F ,U= te;een .3V

and 120O0C and &34 ana A1 4 C abce.e

Most of the reaction products that f n-- n tne B4C-;k svsteM ;izlav

high elastic moduli and haranesses, and 4ow dens:tes. Thus. the i:ra-

tion of these reaction product: can be beneticial in rte ta:lor:n or
multiphase systems of a desired metal content wnen fully densified 34 C-AI
composites are subjected to a ;osr-neat treat=ent pracess. in orer to

achieve this goal. however, the react:on rates must be controlled

precisely. As will be shown in the following sections. a pre-heat treat-

ment of the commercial boron carbide powders (ESK 1500) above 1800
0

C in
reducing conditions can be utilized to significantly reduce the reaction

rates.
1
1 Change in the chemistry of B 4 C creates the basis for the

controlled densification of 3 4 C-Al composites.1
1

In contrast to the 34 C-Al system, an example of a thermodynami-

cally compatible system is the 34 C-Cu composite. Although this system

offers the advantage of chemical compatibilit7. its main disadvantage is

that the wetting angle of Cu on 3 4 C is higher than 900 at temperatures up

to 1500
3
C. Cu may be forced between the 14 C grain5 by high pressure.

e.g.. hot isostatic pressing, techniques to achieve high densities;-2

however, the resultant composites exhibit very low fracrure strength due
to weak interfaces created between the metal and c-ramic phases. We have

illustrated that when Cu is alloyed with element: that are reacti'ze with

B4C. e.g.. Si. Mn, or Al. contact angles smaller than 900 can be

achieved.
1 3 

This alloying approach then allows a processor an alternate

approach to control the rate of chemical reaction(s) and. therefore, the

kinetics of wetting at a given temperature (Fig. 3).

Amok________________________n_____"__n____n__



100,O0 B40/Cu:Si '  .

-o0(84: 16)
a, 80 " (80: 2C)-'
0 80

* (70: 30)
0 (60:40)
* (50:50)

40o -CO'- ~ ~ T=130 0

0 30 60 760 1440

time (min)

Fi. . Contact anzle of molten C"-Si allcys on 
3
,C as a

funct:on or composition and t:me.

cEN5ICA:CA7 : i?.CUGH PHASE -- ;:

Our observationz have shown that during the icu:id phase si:er-nz
of ceramic-metal composites phase rearrange=ent becomes tte major ana
often the only mechanism that a~fecz the aensificarton oetav:or ci a
compact. Fir:t. enc-point densities :zwer than the theoretroal :eos::ies
may result due to tee creation of large vcids that form wnen the lizu:a
metal rearranges through the porous cc=;osite. Second. the =agn::uce cc
shrir-age depends on the rearrangement o rne solod part:cies uncer Ihe
cavioarv act:cn oi the liquid phase. 'he extent of phase rearrange=eot
devencs on the cegree of packing densi:y and cOnemcal -nnczogeneit:s
that exist in a powder compact after the ini:ia: conzoiat:on. -Le to
phase rearrangement, these inhomogeneties are azolied duroog sinteri=;.
As illustrateo below, the way these rearrange=ent processes take place
depends on the chemical comoatibiliy7 of the system. wetting characterir-
tics of the liquid, and the kinetics of liquid phase moton.

The formation of large voids due to the rearrangement of the liquid
phase is of particular concern especially in chemically incompatible
systems. As illustrated in Fig. 4. sintered. hot pressed, or hot isosta-
tically pressed 34C-Al composites all possess characteristic large voids
surrounded by rigid ceramic shells. The steps that lead to the formation
of these voids are as follows: (i) the liquid phase moves into the
ceramic agglomerates due to capillary suction and thus he volume origi-
nally occupied by the metal powder remains as void: and (ii) dense 3 4 C-AI
agglomerate regions support the formation of binary and ternary compounds
as solid bridges between the B4 C grains and thus the densification pro-
cess stops due to the formation of a solid akeleton.

11  
Therefore. in

order to obtain dense microstructures. either the kinetics of solid
rearrangement needs to be accelerated and/or the kinLtics of chemical
reactions has to be slowed down. For instance, hot isostatic pressing
can be used to enhance densification prior to the forSmation of a solid
skeleton structure. However. even in the case of hot isoetatic pressing.
the presence of closed porosity is observed due to the formation of reac-
tion products.

10
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Fig. 4. B4C-A. comoosites showing :ar;e voids surrounded by,
ceramic shells.

Previous studies on the role of ;hase rearran~enent during lti
phase sintering suggested that agglomerates that act as the suctron

media for the liquid phase can . e odsiztegrated duri n; sin-tering; in
systems with low wetting angles.

13
.' Our studies also confi-ed the

validity of this disintegration =ec'nanis but only in systems where

reaction products do no t result i-n the forinarion of a continnuous zge~eto%
between the particles. In the cer-anic-=etal zvstens rnre
here, we illustrate that the Cy .act.r to he consicerea in tIni

disintegration is not the final equillh-rium contact angle hut the
kinetics of wettin~g process itself (.ig . 3). in chemically reactive
systems where a low contact angle is achieved rapidl (Fig. 3). the

auction rate of the liquid phase into the agglomerates is high. :z these
cases. we observe that the agglomerate regions are infiltrated rapdly
aend become fully dense before any disintegration takes place (Fig. 5(a)).

In the absence of disintegration, the densification process stops at a
low end-point density.

On the other hand, the microstructural development in a composite
vith an initially high contact angle is different (Fig. 5(b)). More
uniform microstructures and higher end-noint densities are obtained due
to the disintegration of aggloerates.

5 
T e exact echanim of this

disintegration is not fully understiod. However, its occurrence is very

beneficial with respect to the minima.ation of density of inhoogeni-

ties.

The problems associated with phase rearrangemest during liquid phase
sintering can be used to our advantage if the fabrication process is
modified to infiltrate a monolithic porous ceramic with liquid metal in a
manner similar to the densification of agglomerates discussed above.

This approach allows us to process fully dense and uniform composites as
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Fig. 5. B4C-Cu-Si comeosite with high (a) and low (b)
kinetics of wetting.

long as the hydraulic resistance and the thickness of the porous sub-
strates are optimized to facilitate a rapid infiltration process. :a the
present wor. porous B4C ccmacts were prepared by a colloidal consolida-
tion technique." in order to modify the surface characteristics of the
B4 C powder and also to obtain a high density B1C skeleton, the cc=pacts
were first heat treated in a vacuum graphite furnace at a temperature
range of 18000 to 2Z000C. These porous B4 C compacts were then
infiltrated with molten Al at 1ZCOC for 15 to 60 =inutes. As a result.
two major types of B4C-AI composites were formed. In the first type. the
metal is completely denleted to fcr a theoretically dense nulti-ceramic
microstructure. In the second type. a predetermined amount of Al is

retained in the final product. As illustrated in the sections belcw. in
these two cases. microstructures. interfaces, and mechanical properties
all differ considerably.

MICROSTRUCTLRES AM I-,7ZR-ACE CHARAC.ZRISTICS

In liquid phase sintering. the development of microstructure depends
mainly on the sintering temperature and time. On the other hand. in the
infiltration technique outlined above. microstructures can be altered in
the following processing stages: (i) dispersion and consolidation. (ii)
sintering. (iii) infiltration, and (iv) post-heat treatment. The primary
advantage of the infiltration approach is that the distribution of both
the solid and liquid phases can be controlled separately. Furthermore.
agglomerated ceramic powders can also be used to form uniform composite
microstructures by the inxiltration technique.

Colloidal dispersion and consolidation of the 34C powder provides
the most effective approach to control the B4C/metal ratio of the final
product. In the preparaticn of high (0 70 v/o) B4 C content specimens.
we use highly dispersed aqueous suspensions prepared in the pH range of
9-10.5. Conversely, for low 34 C contents, we work with flocculated
aqueous suspensions prepared at pH 4. This adjustment in pH results in
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Fig. 6. B4C-Al composire prepared by infiltration apnrcacn
(A) Without B4 C heat troa-=ent. (B) After 34 C hear
treat=ent.

variations in thernore size and total voutme of the 34C substrates.-
Subsequent sintering treatment in the temerature range of 1KCO' to
22C0

0
C results in the for--ation of porous 34C "SPonges". The amount of

total porosity, grain and channel connectivity, and the chemical compo-
sitfon of the substrate ca be modified depenoing on the sinteriog
conditions.

1
1 The composites formed af:er the infiltration disolay a

biconrinuous microstructure of 3 4 C and A1 phases (Fi;. 6). When the
infiltration ti=e is limited to < 30 =mn. =ost of the BAC,'Al interfaces
are atomically clean (Fig. 7a). However. binar-I and te.r..a ormpounas
can be formed during the post-heat treat=ent step (Fi. 7b).

MECI.ANICAL PROPERTIES

Fracture strengbth (4-point bondizn) and fracture toughness (SE. )
values for the B4C-Al composites prepared by the infiltration approach
are presented in Fig. 8. The data points on the solid lines are given
with respect to the initial amount of Al used to form the composites.
The best results were obtained at 36 v/o Al content. i.e.. an averale
fracture strength of 621 MPa and a fracture toughness of 9.7 MPa m

I .

However, the properties are controlled not necessarily by the total
amount of the retained metal phase, but by the reaction products that
form at the 34C-Al interfaces. For instance. two soeci=ens with diffe-
rent metal contents initially. e.3.. 50 and 36 v/o. can be brought to the
same retained metal content of 32 v/o after the post-heat treatment
(Fig. 8). At this identical metal content, however, their properties differ
considerably due to the difference in the amounts of chemical reaction
products present in the microstructures. Strength measurements of porous
B4C (17 to 40 v/o porosity) indicate that the ceramic skeleton itself is
not responsibia for the deviation from the rule of mixture. The maxima
on the fracti.ce strength and KIC data appear to be related to the conti-
nuity factor which is defined as the average number of connected grains.
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Fig. S. Fracture toughness and fracture strength values for
B4 C-AI composites as a function of initial Al content.

The interpretation of the relationshi;os between =echanical proper-
ties and m icrostru~cture becomes even more complicated when. instead of
the pure metal. its alloys are used. Heat treatment conditir..s an d
interactions of alloying elements with the ceramic phase(s,) are more
influential on the properties than the ceramic-to-metal ratio. The
effect of alloying is illustrated in Fig. 9. where Knooo microhardness
values for B4 C-AI. B4 C-2024-AI alloy, and B4 C-7075-AI alloy composites
are plotted with respect to the initial metal content. The lack of
variation in the microhardness for composites with high metal content is due
to the tendency of alloying elements for segregation and precipitate
form-ation at the B4C grain boundaries. As a result, at high Al cont'ents.
bulk hardness remains similar to that of pure Al. Differences in
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hardness for composites with icw metal ecntent ma, he exm!ained cm the
basis of: (i) the formcatism of hard phases due to cheaical reactions~

between the alloying elements (e.g.. Cr. Mn) and 3&C; and (ii) hir h Ca
and Min activity as grain refiners in Al. However. to csn:frn-m- hi
hypothesis, a detailed analysis of the miorrctetres ana the interfaces
has to be perfor-ed at high spatial resojutinos.

CONCLUSIONJS

In the macrodesi.gning of ceramic-metal composites inf the presence of
liquid metal, the following main points have to be considered:

(1) Phase rearrangement is the major densification mechanism. The

magnitude of densification is related to the ";etting kinetics and to the
occurrence of chemical reactions. Liquid metal rnoticn. if controlled,
can be beneficial with respect to the uniorit of the fnlpcut

(2) Th e selection of a processing technifue is directly related to

the microstruct'a're desired. The utilization of the infiltration approach
provides an advantage in tailoring microst~acrures with precise .era.mic-
to-metal ratio, grain size, phase continuity, and the spatial distribu-
tion of the phases.

(3) I 7 chemically reactive systems, post-hear treatment can be used
as an additional step to modify the microtructures through the formation
of reaction products and thus lower the amount of the metal phase to any

desired level.

Ihas to be IIfr-e at hig ,paia re"som~nnt nomu no I
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STRUCTURES OF COLLOIDAL SOLIDS
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INTRODUCTION

Colloidal systems containing spherical particles have been shown to display
disorder -order transitions.' 2 Since these transitions resemble the liquid to
crystal transitions of atomic systems, many attempts have been made to outline
the stability regions of the colloidal liquid and crystalline structures in phase
diagram forms.

3 The structural characterization of these phases has also been the
subject of numerous studies.' In the crystalline form, these structures are often
easily recognized by their bright iridescent colors. In the most commonly
accepted theoretical treatments, the existence of highly repulsive interparticle
interactions are considered to be the essential requirement for the formation of
colloidal crystals.3

In contrast to this prevailing view, in this chapter we point out our obser-

vation on the formation of colloidal crystals through spontaneous gas to con-
densed phase transitions which can only be realized when net attractive
interactions exist. Including our new interpretations, we now present an all-

inclusive treatment of phase stability in colloidal systems combining gas,

liquid, and crystal phases and transitions among them. Further, we provide
experimental data on the unifying hierarchical features of the colloidal solids
and their interpretations.

BASIC PHASE DIAGRAM OF THREE AGGREGATES

In discussing the phase diagram of colloidal systems the main requirement is
that the interparticle poteptial must be known as a function of the system
parameters. In our expcrirental studies we specifically workeu ith systLn's
where the particles interacted electrostatically. Therefore, the discussion in this
paper will be limited to such interaction.

In electrostatic systems, the repulsion energy between two colloidal particles
can be expressed by the DLVO theory.

' The combination of this repulsive
potential with the energy of attr',,:tion due to the van der Waals forces results
in a pairwise potential that, in general, has a maximum (either in the repulsive

or attractive range) separating two minima (both in the attractive range).'
A complete particle-particle contact is prevented at -t cutoff point due to the
presence of a semniincompressible fluid envelope surrounding the particles.

4' .
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Therefore, for the phase transitions with which we are concerned. thc particles
do not come to the primary minimum which is at a much smaller interparticle
separation distance than permitted by the fluid envelope. In this work, the
key property of the potential energy curves is that the binding cnergy c at thc
cutoff point is approximately proportional to C - 2where C is the zeta potential.'
When we use the lattice model in calculating the phase diagram of the system.
as will be explained below, we can use the c as the representative interaction
potential, and then make an approximation that c is proportional to (I

&M C-,(1)

It is not the purpose of this chapter to emphasize the functional dependence
C2but to make use of the general qualitative dcpendence of & on the inverse

power of C.
In understanding experimental observations of phase transitions in colloidal

systems, we distinguish the essential features and additional features. The
essential features can be provided by equilibrium phase diagrams of atomic
systems. Since we are interested in qualitative properties of the system. 2-D
phase diagrams, rather than three, are sufficient for understanding the basic
phase diagram properties. Further, in order to make the theoretical treatment
of phase diagrams easier for a variety of cases, we work with lattice-gas model
rather than with the more rigorous continuum space computation which is
time consuming. An example of the 2-D lattice gas model calculations is that of
Kikuchi and Cahn,' which treated the grain boundary melting phenomenon.
and is accepted as predicting essential features of the processes occurring in
3-D grain boundaries. In this chapter we also base our discussions on results
due to the lattice gas model which was used in Ref.'

The method of formulation leading to the theoretical phase diagram of
Fig. 54.la is sketched here. The calculation was done using the cluster variation
method (CYM). The system contains one kind of particles and vacancies and
is described using the square lattice as the underlying structure Fig. 54.lb.
The interparticle potentials ate chosen in the same way as by Orban et al.'
When a particle exists at A. the nearest-, second-, and third-neighbor lattice
points are excluded, and a second particle can approach A up to point B.
In the treatment, we used two interaction potentials crj, and E.c.. Particle pairs
farther away are not considered as contributing to the potential energy. The
equilibrium state is derived by writing the Helmholtz free-energy F and
calculating the minimum of F as outlined in Ref. 6. In the phase diagram of
Fig. 54.1a, the temperature scale is normalized bye - CACI. Similarly, the density
scale is normalized by the density of a fully occupied lattice structure. We use
the phase diagram in Fig. 54.1 in qualitatively interpreting experimental obser-
vations. As many previous examples show, theoretical diagrams of 2-D systems
can safely be used in interpreting experiments of three dimensions. Naturally
we avoid accurate numerical comparison of 3-D experiments and 2-D theory.
We can also use the phase diagrams which are calculated for equilibrium systems
in interpreting nonequilibrium phenomena. In this case again, the equilibrium
calculations are to be used as a qualitative guideline; when numerical
comparison is to be attempted, special care is needed.
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In atomic systems, the reduced temperature scale kT/Ic of the phase diagram
is only proportional to the thermodynamic temperature T since the pair
potential in a given system is usually treated as fixed. However, when we work
with colloidal systems, the interaction potential can be easily varied. Thus,
in the case of electrostatically interacting particle systems, using the approximate
property expressed in (I). we can work with a reduced temperature:

= - = (2)
1:

where Co is a normalization constant. The relation (2) is crucial in interpreting
the phase diagram of colloidal systems as analogous to the three aggregate
phases of atomic systems. At the high Ti end of the system, our treatment
approaches that of repulsive interaction systems, while for the low Tx region
the attractive interaction is appropriately taken into account. The essential
point of our proposed interpretation (2) is that even when the thermodynamic
temperature T is kept fixed, the reduced temperature Tx can be varied by
changing the C-potential. and thus the "temperature" versus composition phase
diagram can be used even for a constant T.

HIERARCHICAL STRUCTURE OF CLUSTERS

We can now use the phase diagram in Fig. 54.1 in interpreting experimental
observations. In a dilute suspension. for example at the point G in Fig. 54.1a,
colloidal systems display gaslike behavior. As the number density p of the
colloidal particles is increased (along path I). this gaslike state changes con-
tinuously to a liquidlike state at L. Finally, for p larger than a certain density
L,. the liquidlike state transforms to a solidlike state S through a first order
transition.'-' In the phase diagram of Fig. 54.1i, the region where such
transitions are observed is above [he critical point, CR.

On the other hand, when this same suspension displaying gaslike behavior
is shifted (along path 2) from its dispersed state G. to a new state G' of a lower
kT/c or C-potential value, we observe a distinct first order transition of gas to
condensed phase. Our work with nearly monosize (0.7 pUml SiO 2 particle
systems showed that, when a collaidal system is within the miscibility gap,
some of the particle- in di. suspens,,r. start forming pc.:me:., mnultiparlit:-e
clusters, that is, colloidal solids." In the gravitational field, due to their higher
effective mass, these clusters are separated from the remaining portion of the
primary particles as a result of differential settling. The primary particles.
which stay dispersed until they eventually sediment due to gravitational force,
result in the formation of a cloudy supernate, that is, colloidal gas.

This phenomenon of cloudy supernate formation has long been observed
by various researchers in flocculating. that is, condensing. systems. ' 1o Experi-
ments by Siano'0 suggested the possibility of spinodal-decomposition like
fluid -fluid phase segregation in colloidal systems. This interpretation is in
agreement with the phase diagram presented here. Similarly, the work of
Vincent and coworkers' illustrated the coexistence of singlet particles as the
gas phase with clusters of particles in weakly interacting particle systems in
accordance with our interpretation. In recent theoretic.l treatments, the co-

-1

l • ll •I I II I_ -I ,



-~ 4

existence of colloidal gas and liquid phases below a critical point has also been
predicted."' Thus, in view of our experiments and supportive evidence in the
literature, we propose that the stability regions of colloidal phases are outlined
in the generalized phase diagram of Fig. 54.1a.

Our theoretical treatment of the phase diagram (Fig. 54. 1) has been done for
an idealizing condition that the colloidal solid can be assumed to form a single
crystal and its structure approaches a perfect state (i.e., no vacancies) as kT'E
approaches zero. However, experiments are usually far from ideal and the
formation of polycrystalline structures is the rule rather than the exception.' 2.13

Microstructural variations in these polycrystalline colloidal solids formed at
three different C-potential levels of the phase diagram are illustrated in the
scanning electron micrographs of Fig. 54.2. Particle clusters are formed during
colloidal solidification. Note the special arrangement of these particle clusters.
The first generation of clusters begin as domains and are formed by close
packing of primary particles. The domain size decreases with increasing inter-
particle binding energy or decreasing TA. The collection of a number of these
domains results in the formation of second generation clusters. The structure
of these second generation clusters displays continuous variations in the inter-
domain void space. At the high T/. end of the spectrum where the interparticle
binding energy is low, tight domain interlocking results in polydomain
structures which closely resemble polycrystalline atomic structures and are
easily recognized as colloidal crystals due to their iridescent characteristics.'

With increasing interparticle binding energies, domain interlocking ciliciency
decreases since domains become increasingly rigid and thus behave as hard
sphere packing units themselves. The combined effect of the decreasing domain
size and the increasing interdomain void space is the loss of the iridescent
property of the colloidal solids. At the low T end, an additional contribution
to the low packing elliciency may be the formation of third generation clusters
and the associated void space with the grouping of second generation clusters,
Fig. 54.3. The most important concept illustrated by our observations is that a
hierarchy of microstructures can be obtained by varying the degree of interaction
between particles as described by TA.

This experimental evidence on the structure of colloidal solids suggests
the modification needed in-interpreting the theoretical phase diagram of Fig.
54.1a when compared with experiments. Remember that the density of the
solid phase in the theory is only with respect to the intradomain regions. In
Fig. 54.3a. we provide experimental data on the density of colloidal solids,
obtained by sedimentation volume measurements, as a function of kTc. As
the interparticle binding energy is increased (going to smaller kT/& values),
a significant decrease in the density of colloidal solids is observed below the
critical point. The prime cause of this density decrease, in the subcritical region,
is the retention of third generation void space in the colloidal solids formed by
gravitational settling. However, when such a system is consolidated further by
centrifugation, all the third generation voids can be eliminated completely
and the density becomes greater than that shown in Fig. 54.3a.2
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CONCLUSION

In colloidal systems the interparticlc energy i can be controlled through
chemical adjustments to the fluid matrix surrounding the colloidal particles.
An important implication of this property is that even when the thermodynamic
temperature is kept fixed, changing the potential unergy by other means than
T has the same effect as changing T of phase diagrams for atomic systems. The
stability regions of colloidal gas, liquid, and solid phases are outlined with a
theroetically calculated kT/c versus density phase diagram. In experiments,
it is noted that the colloidal solids display (continuous) variations in the size and
packing of particle clusters as a function of kT/Ic. The first, second, and third
generations of clusters and voids are clearly distinguished. This observation on
the hierarchical nature of the colloidal solids plays a key role in our generalized
treatment of the colloidal phase transitions.

The types of phase transitions discussed in this paper are of interest in diverse
fields.' For instance, colloids play an important role in the processing ol high-
technology ceramics. ' * Colloidal fluid-to-solid transitions have been vtdely
observed in biological systems.2 Furthermore, these colloids are ideal models
for simulating atomic systems. Although the theoretical phase diagram
presented here is based on idealized colloidal phase structures. it serves' 2.'.15

the purpose of outlining colloidal phase stability regions in a generalized form
with suflicient accuracy when we accept the new hierarchical interpretation
of clusters and voids observed in the solid structure.
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Phase diagrams of charged colloidal particles

Wan Y. Shih, llhan A. Aksay, and Ryoichi Kikuchi
Depart. ent of Materials Science and Engineering, Universti. of Washington. Seattle. Washington 98195

(Received 22 December 1986; accepted 26 January 1987)

We have calculated the phase diagrams of charged colloidal particles in the parameter space.
The free energies of different phases, which were used to determine the phase boundaries, were
calculated variationally. The Einstein oscillators and the hard sphere fluid were used as the
reference systems for the solid phases and the liquid, respectively. The interparticle
interactions were approximated to be the Debye-Hiickel screened Coulomb potential with size
correction. We show that the solid phases are stable at low salt concentrations: bec is preferred
only at high charges and at low densities while fcc is dominant at higher densities. The solid
phases melt upon the addition of salt: bcc may or may not transform to fcc before melting.
depending on the particle number densities. No reentrant transition is found upon the addition
of salt. When the particles are extremely highly charged, the system may undergo fcc-bcc-fcc
transitions at nonzero salt concentration when the particle number density is increased.

I. INTRODUCTION not accurate enough to allow this procedure. Our aim is then

The study of the colloidal suspensions of electrically to get a correct qualitative account tor the phase diazrams
charged particles such as polystyrene or silica spheres has through our consistent way of treatine different pha,s: the
received much attention.' These colloidal systems can be free energies of all phases are caiculated via a vantmonal
regarded as scaled-up atomic systems with charges, particle principle based on the Gibbs-B3ogolyubov inequaiit.'. Ein-
sizes, and length scales 10,-10 times larger than the typical stein oscillators are used as the reference systems irr the
atomic species. The particles constitute "ions" and, in the crystalline phases and a hard-sphere fluid as that for the
case of aqueous systems, the interaction between them is liquid. This procedure has been proven to give very good
classically screened by either H,O or OH -. The monodis- results for the polyvalent metallic systems. I" 

We expect it to
perse suspensions are observed to be disordered (the "liq- work well for the present case. The interparticle interaction
uid" phase I at low densities and crystalline when the density is approximated to be the Debve-fluckel-screeneu Coulomb
is high.' The average interparticle distance is often in the potential with size correction. The Debve--Huckel approxi-
order of the visible light wave length; and, hence the crystal- mation is correct when the particle numner densitv is low or

line phase can Bragg-diffract visible light and thus result in the screening is weak. i.e.. qa, : I. where q is the inverse
opalescence. Nost often, the crystalline structure is found to screening length and a, the average interparticle distance.
be face-centered-cubic (fcc).-'4 In some dilute polystyrene Since our interest is to determine the phase boundaries n the

suspensions where particles have high surface charges (in part of the phase diagram where occ is likely to appear, the
the order of 1000 electronic charges), body-centered-cubic Debye-HFickel-screened potential should then w;eil repre-

(bec) structure is found.-" sent the interparticle interactions in those regions where the
Unlike their atomic counterparts, the interparticle in- particle number density is usually low.

teractions in colloids can be varied in a wide range by adjust- We now turn to the body of the paper. Section 11 briefly

ing the parameters such as the salt concentration, the parti- describes the formalism. Section III gives the results and
cfe number densities, and the particle surface charge. It is discussion. Some concluding remarks are given in Sec. IV.

therefore possible to talk about the phase diagram in the
parameter space. So far. the calculated phase diagrams have II. FORMALISM
either been based on an effective hard-sphere model' which We consider an aqueous colloidal suspension of N
is unable to produce a bce phase, or based on solid-phase spherical particles, each of radius a, in volume I). and at
calculations" which did not treat the liquid phase adequate- absolute temperature T. Each particle has an effective
ly. Shih and Stroud" have done a two-phase calculation for charge Z. The aqueous medium has a static dielectric con-
the freezing but they did not look into the stabilities of var- stant. The ,Z H,O or OH - ions in the solution will neu-
ious solid phases. tralize the particles if no electrolyte is added to the solution.

It is the purpose of this paper to calculate a more com- When the suspension is not too dense or the temperature is
plete phase diagram by treating all the phases at equal foot- not too low, the interaction between particles can be ade-
ing. That is. the phase diagram will be calculated by directly quately treated within the Debye-Hiickel approximaton. In
companng the Helmholtz free energy of different phases MKSA units, the interaction takes the form
(bcc, fcc, hcp. and liquid) at the same parameters. In princi- ZY e '

ple, one should draw a common tangent between the Helm- V(r) = - ' (2.1)
holtz free energies of two different phases in the free energy 4n',,c r
vs particle number density in order to determine the phase- wherec,, is the permittivity offrcespace, e is the static dielec-
coexistence regions in the phase diagram; but, the theory is tric constant of the aqueous medium, e is the electronic
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charge, r is the distance between particles, and q is the in- als-; and. thus we expect that it should work well in the
verse screening length which satisifes present case.

q.n,Z , (2.2) A. SolideockB, T "

where ki is the Boltzmann constant. Z, and i, are the The Einstein oscillators are used as the reference sys-

charge and the number density of the ith species of ions te: each particle oscillates indepenently about a latticerespectively. In Eq. (2.1). the particles are assumed to be point in a harmonic potential well with a frequency (j. Thepoint-like. I the particles have a finite size, the interaction is Einstein frequency is to be used as the variational parameter.

modified as In the actual calculations for the colloidal systems. AIr.i/k, T
is in the order of 10-'-10 - ' , much smaller than unity.

V(r) = ( -, (2.3) Therefore. in terms of the Einstein temperature 0 -- ki,
4ekl-\-- + qa -r we may write

where a is the radius of the particles. The factor Ek,, = k 8 T, (2.7)
[eq'/( 1 + qa) I' takes into account the fact that the particles
are not point-like and part of the volume in the solution is not JS= 3k8 T[I -ln(O/T) (2.8)

available for screening because it is occupied by the particles, and
The size correction is important as is pointed out by Shih and I r, (2.9)
Stroud in order to avoid reentrant melting at high densities r,- I
which is purely an artifact of the point-like interaction as-
sumed in Eq. (2.1). in which

When the colloidal suspension is at equilibrium. its ther- f(r) =I _.e q:Ie,[ - ert.u q - )
modynamic properties are determined by the Helmholtz free 2r
energy F = E - TS, where E is the internal energy and S the
entropy. For a system of particles interacting via the poten- e erq tq --- (2.10
tial (2.3), the free energy per particle F takes the following t +_.l,
form: where erf is the error function

F M e - I _ ] e r ( . ) 2 f e 4.

+ EL,. - TS, (2.4) and 31v is the mean square displacement which !akes tile
where E,, and S are the kinetic energy and the entropy per following form:
particle. ( ) denotes the thermal average over the canonical h' cot h (0/2 T
ensemble, and r, is the position of particle i. Equation (2.4) W 2 k , (2.12)
includes only the terms of the free energy which depend on
the arrangement of particles. These are the terms relevant in in which Af is the mass of the particles. Note that the arnhar.
determining which structure (fcc. bcc, hcp. or liquid) is monic effect has been taken into account in Eq. (2.9). Com-
thermodynan-cally stable. bining Eq. (24) and Eq. (2.9), we get

The free energy can be obtained from Eq. (2.4) by the
use of a variational principle based on the Gibbs-Bogolyu- j I2l ] Z _ 2 f( R ,- , - TS.
boy inequality"' which states as follosws: 2R u4 itcE

(2.13)
F<F4 + (U- Uo)o-=-F', (2.5) where R's are the lattice vectors. In the actual calculations,

where F. is the free energy of the reference system and r/(2w) ± .'wq is much larger than unity and Eq. (2.10)
(U - Uo) o is the potential energy difference of the system of reduces to
interest and the reference system, evaluated in the reference e
system. Since Fis upper bounded by F, we can then approxi- f(r) - e (2.14)
mate F to be the minimum ofF' with respect to the appropri-
ate variables, that is. F-F'(x) where B. Liquid

F'(x I For the rcfzrence system. we use a fluid of particles in,-
dx .I . - . = 0, (2.6) teracting via the hard-sphere potential

where x is the appropriate variational variable. U(r) = oo. <a, or
We will use the Einstein oscillators for the solid as the 0, r>a,

reference system, and the Einstein frequency is chosen as the where u. the hard-sphere diameter, is not, in general, equal
variational parameter, while a hard-sphere fluid will be the to 2a. the diameter of the actual particles. With this choice.
reference system for the liquid and the packing fraction will the first term in Eq. (2.41 can beobtained analyticall[ .vthin
be the variational parameter. This procedure has been pre- the Percus-Yevick approximation, while the last term (the
viously shown to give very good resul t s for polyvalent met- hard-qphere entropy) is available as an analytic fit to the

J Chem Phys . Vol 86. No 9.1 %!May 1087
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results of a Monte Carlo calculation. The liquid free energy 12 x 1.0 .
thus takes the following form'":Z40

Z
2

e
2  

eg \21 2/3 Z=400-- -o 617/ G()] -
=4n 1 To 61-.-. 81 2c O.109x 10 6m

+ :48T + ( -) TS,,, (2.16) 'E

where k, T is the kinetic energy per particle and ro is the 4 CC
Wigner-Seitz cell radius which satsifies

4rr fI ,.-8CC liquid
_ 3 (2.17) i-3 N 0 _ -

-t0o
9 

1 O
8  

1 0
- 7  

0 10
-5

77= (r/6)o3
(N/1f) is the hard-sphere packing fraction, P1.1, (M)

A =--277"13 qro, and

G(A) =AL(A)/A1277[L(A) +3(A)et } 0.75x tO
' s

,, . . . . .L.5(10 z..aoo 1
-6L(A) =121[(l + -)+ (lI-, 2,77] .......... 2d=C?09xl0 em

K . .-----2a 0234 xC- 1
'(,) =( 1 -- 71) 21 + 617 (1 - ")A ----. 2a= 0.400 IC,-

6
m

+ 18 7
2
A - 1277(1+ 277 ), (2.18) I

TS14= Tk n en Ee kT l FCC
NeO 27,-A2  

E. C

where e = natural number. The packing fraction 17is the van- . - /
ational parameter for the liquid phase. It turns out that .
77O0.45 at freezing, which isconsistent withRef. II andalso .
consistent with other polyvalent metallic systems.. ;./ hu,

Ill. RESULTS .25

We have carried out calculations for the solid phases
(fcc as well as bcc) and the liquid phase at various values of 0 2.5 50 75 

e

the particle number densities D = N /fl, charges Z. and the Psalt CM)

salt concentrations p with the procedure described in the FIG. I D-p .,, phase taiieram . here D is the particlc number censtv and
previous section. The temperature T for all calculations is p,, is the added sait concentration in molar unitS a i lot a p..rcicue o1ame-
kept fixed at the room temperature since most of the expert- ter Za = 0. 109l d 0 s in and charee Z = 44j . (b) in a different -aie torZ =400 ana diameters2a = O 09 ""10- . 0234"/ 10 '. and 0,-k 0-
ment were done at that temperature. The static dielectric m. The bcc-icc phase houndartes are the same ior the three cases - ie the
constant of water is taken to be 80. The phase diagrams are liqud-solid phase boundanes are pussed to lower densities as the particle
determined by comparing the free energies of different size is mcreaed.

phases at the same parameter (the stable phase has the low-
est free energy) and the phase boundaries are taken at the
crossover points of the free energies of different phases. the salt concentration is increased, while the bce phase can

either transform into fcc before melting (at higher densities)A. Effect of Z and p or directly melts into the liquid phase (at lower densities).

In order to directly compare with experiments, we first Note that there is no reentrant transition when the salt con-
plot the results in the D-p plane at different values of Z. centration is increased, and that the solid-liquid phase boun-
Figure 1 shows the D-p phase diagram of particles with daries shift to htgher densities when screening ts increased by
Z = 400 and different diameters. One can see that the colloi- the addition of electrolytes.
dal suspension freezes when the particle number density is In Fig. 2 we plot the D-p phase diagram for particles of
sufficiently high: The fee phase is formed in most of the high- the same stze as Fig. I(a) but with a smaller charge Z = 200.
density region, whereas the bce phase is stable only in a very Note that the bce region is now abscnt and the solid-liquid
narrow region of lower densities. The density range of the phase boundary is pushed to a higher density. (Note the
bce phase shrinks as electrolytes are added to the solution, scale difference in Figs. I and 2.) Other than that. the solid-
and the bcc phase completely disappears when the salt con- liquid phase"boundary behaves roughly the same as that in
centration is greater than about 2.5 X 10-K M as seen in Fig. Fig. I, i.e.. the solid phase becomes unstable when screening
I. Beside this, the addition of electrolytes will also make the is increased. Again, this is in agreement with experiments.
crystalline phases become less favorable and eventually melt The shape ofthe solid-liquid phase boundary resembcs very
into liquid: The fcc phase always directly melts into liquid as much that of the gold collvids in Ref. 15. These results sug-

J. Chem. Phys., Vol. 86. No 9. 1 May 1987
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FIG. 2. D-p~, phase diagram for panticles with Z 200 and

2a = 0. 109 >× t0 -in. Note that the bee phase s missing when the particle ,,Jc

charge is decreased. The dcfinitions of Dand p., are the same as in Fig. I. 0 - i

0s2 2 FCCO

gest that the formation ofa bcc crystalline phase int the col- FIG. 4. The D-ri.... phase diacranm Cor pirticics vith diimer

Ioidal suspension is a delicate matter: The bec phase forms 2,i I) 0.19 : It) "mind / -= IS). Note that the system starts to tundereo

only when the electrolyte concentration is low and the parti. kc--cc-(cc transitions at usxed nonzero silt concentration s .tien the pinti-

cle charge is high, which is in agreement with experimental c number dcssy is nceas.cg

observations.S'
5 To better illustrate this trend, we plot in Fig.

3, the density range of the three phases as a function of the dnis seate.Ideti a apnadi hutae

particle charge Z at zero salt concentration. The bce region in Fig. 4 wshere particles ot'"0. 109 pzm diam with L = 1000

becomes narrower and finally closes up when Z is decreased, undergo an tee-be-fec transition as the density' is varied at

Meanwhile. Fig. 3 also shows that a large charge can retatn fixed salt cotncentratton p > 1.3 x 10 hi m J. This can be ex-

the crystalline phases to a lower density. plained as follows. At sutficiently low densities, the screen-

Since a high surface charge of particles enables the crys- ing length does not vary much with the particle number den-

talline phases to persist at low densities, with increasing par- siy ( The maor contrbution to the inverse screenng length

ticle charge. at some point, the solid phases may exist at such comes from t he added electrolyte concentration rather than

low densities that some finite amount of electrolytes could the counter ions.)I Under such conditions, the fcc phase is

provide enough screening to favor fcc phase at low densities moesbeatowdntisecueagensee g ogh

and therefore, an fcc-bce-fcc re-entrant transition at some would appear shorter wvhen compared with the interparticle

nonzero salt concentration is possible as the particle number distance at low densities. We plot, as an example, in Fie. 5.

the free energy difference betwveen the fcc phase and the bcc

phase as a function of the particle number density for parti-
to

°  
. d ces of 1p m diam and Z =4167 when the inverse screening

zn= 4167

,B FCCC

10 10 tot

E 2

,, t= FCC- - CC C

2a i-ixO n ot httebcphs smsigwhntepril

liquid am Fg 1. 0

200 400 600 o 2 4
0 ( 2x'/m 1

FtG. 3. The D-Z phase diagram foo particles wth diameter
2a 0he nO mandat zerosai concenttration. iwphise appearsoily FIG. 5. Free eneryditio rence eweent e fccphaseand thb pihase asa

hcn the charge Zis high and the particle number densiti 
0ts low. Cuncton olihe particle number deity 0.
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length is fixed at q = I X 106 m-'. As the particle number ic energy which is ke T for all phases is unimportant here.)
density increases, the contribution ofthe counter ions to the For the entropy part. the Einstein frequency a) can be
screening becomes important agair. We then recover the sit- thought of as the average vibrational frequency of all modes
uation where the fcc dominates at high densities. So far, we and oi is proportional to the average of the second deriva-
did not include the screening by the electrolytes from the tives of the interparticle potential at all particle sites which is
water itself. This is perfectly all right when the particle num- q2E, within the Debye-Hiickel approximation where E. is
ber density is not too low. However, when the particle den- the T = 0 internal energy and q is the same for both phases at
sity is low, the electrolytes of pure water can contribute sub- the same density. With the expression of TS in Eq. (2.8), one
stantially to the screening. Thus, the reentrant transition can readily see that the difference in - TS between two crys-
discussed above may be washed out by the intrinsic electro- talline phases has the same sign as that of the T = 0 internal
lytes of pure water and it is very likely that we may not be energies and both change sign at the same qa,. Theretore. the
able to see it experimentally, free energy difference between two crystalline phases always

changes sign at the same qa, as the T = 0 internal energy
B. T-qa, phase diagrams difference. The bcc-fcc phase boundary is thus independent

If we define an effective temperature " = k8 T/(Z 
2e2/ of T.

4irc0ea, ) and measure the screening strength in terms of the
dimensionless parameter qa, where a, = (fl/N) "i' is the C. Effect of particle size
average nearest neighbor distance, the phase boundaries in We also plot phase boundaries of particles wth Z = 400
Figs. 1-5 should then be all mapped onto the same curves on but of different diameters in Fig. 1 (b). First. one can see that
the T- qa, plane. The phase boundaries in the T-qa, plane a larger particle size moves the solid-liquid phase boundary
are shown in Fig. 6. The liquid phase is stable at high Tand at to a lower density. The discrimination oft he liquid phase nv
largeqa, (i.e., smallZand highsaltconcentration).Thebcc the size correction factor is precisely what prevents reen-
phase is preferred at small qa, and fcc at large qa,. There is trant melting at high densities. The bcc-tcc boundarv is un-
no reentrant transition in either the Tor the qa, direction, affected by the particle size. This size-independent 0cc-ice
The F-independent bcc-fcc phase boundary is a result of the boundary is again the consequence of the Debye-Iluckel
Debye-Huckel screened interparticle potential and can be screened potential. The size correction (e

,
' / I - qa) - is only

explained as follows. First, within the physical range of F. a multiplying factor of the lattice sum. which does not
the internal energy difference between two crystalline phases change the sign of the internal energy difference of the bcc
will change sign at the same qa, as it does at T = 0. This can and fcc structures and hence does not change the sign of the
be seen from Eq. (2.14). The thermal vibration of the parti- free energy difference is argued above.

cles only magnifies the interparticle potential by a factor e' "

for all pairs and does not change the sign of the difference of D. Is hcp structure possible?

the lattice sums of two crystalline phases which is the conse- Finally, we check the possibility of the hep structure at
quence ofthe Debye-Hiickel screened potential. (The kinet- high densities since the hcp phase has the same packing frac-

'O x IO-2 2 5.1 t"0-

2a0 109x 10"
6 

m

liquid

S BCC-- CCP

FCC\

10 ____ _______ 5-

05i -50, . • .
1 5 20 2.5 2 3

qo' qa,

FIG. 6 The T-qa, phase diagram for pantices wih diameter FIG. 7. The T=O energy difference I/E,,= vs qa,. wahere
2a =0 109,< to- m. Where .qanda, Are asdefined in the text. AE,,... = E,_ -, -E_
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tion as the fcc phase at close packing. It turns out that the centrations when the particle number density is varied.
hcp phase is not favored throughout the entire qa, range. Our calculations have completely neglected the van der
Since the free energy difference changes sign at the same qa, Waals attractions. This negligence is justified in the present
as the internal energy difference at T = 0, we will show only case where the charges of the particles are in the order of 10'
the T = 0 energy differences. In Fig. 7 we plot the T = 0 electronic charges and the densities are intermediate so that
internal energy difference of the hcp and bee phases as well solid-liquid and bcc-fcc transitions can take place. Under
as of the fcc and bee phases where "Ehcp((- = Eh,4fe such conditions, the interparticle interaction is dominated

- E,. One can see that at small qa,, the bec phase is the by the electrostatic potential. If the van der Waals attraction
stable state. At large qa,, the internal energy of the hcp is is taken into account, the phase boundaries should move to
lower than that of the bee but is still higher than that of fcc. higher densities. Other than that. the phase diagram should
Although, the overall packing fraction is the same for both remain qualitatively the same.
the fec and hcp, the difference in the arrangement of far
neighbors results in the difference in energy. So far, experi- ACKNOWLEDGMENTS
mentally, hcp structures have only been observed when the The authors would like to thank W.-H. Shih for valu-
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Abstract

A reversible growth model is built by modifying the cluster-clustcr aggregation model with

a finite interparticle attraction energy - E. When E is oo, the aggregation is described by the

ordinary cluster-cluster aggregation model. Within our model, particles as well as clusters arc

performing Brownian motion according to the rate 1I/-), and the unbinding takes place accord-

1 t - Ari7"ing to Re ', whcrc AE is the encrgy changc duc to the unbinding, T is the room tcrpcr-

ature, and TR is the time constant associated with the unbinding. By changing 1'. andtR;!),

we arc able to change the aggregation bchavior over a wide range from ramilicd clusters to

compact ones. Moreover, due to a finite 1, ramified aggregates may become compact at a

later time. We show that the initially fractal aggregates can remain fractal objects during

restructuring while the fractal dimension I) increases with time. At large 17, I) can stay at

some value that is larger than the value of the cluster-cluster aggregation model and can remain

unchanged for a long time. At a given time, I) increases drastically with decreasing 1; from

the value of the cluster-cluster aggregation model when F 3 T. The curve of the estimated

sedimentation density vs. F resembles that of I) vs. F and agrees with the experiments.



I Introduction

Under suitable conditions, fine colloidal particles (- 50 A -- ~ I pm in diameter) can

form aggregates of a fairly large size (up to several thousand particles). Extensive light. X-ray,

and neutron scattering experiments 1 '6 showed that these aggregates arc fractal objects and that

the fractal dimension I) varies with the experimental condition: I) = 1.75 [Ref. 2,4, 61 when

the clusters grow rapidly and I) = 2.02-2.12 lRely. 1. 3, 51 whcn the growth is slow. F~urthermore.

when light scattering measurements were taken repeatedly in a temporal sequence. it was found

that aggregates with an initially lower 1) (1.75) can restructure to a higher D (2.08-2.1

IRef 41. 2.41R,'f. 61) at a later time. This signifies that the growth processes involve some

reversibility. Some critical questions then arise: low (1o the structures of these aggregates

change with time? Do these aggregates remain fractal objects during restructuring? If so. how

does the fractal dimension 1) change with time?

The cluster-clustcr aggregation (CCA) model 7
,8 which yields 1) = 1.78(.4) in 3(2)d, where

d is the Euclidean dimension, seems to agree with the colloidal aggregates of rapid growth.

When the CCA model is modified with a sticking probability p and when p is approaching

zero,9 it produces clusters of D = 2.0(1.55) in 3(2)d and is often compared with the aggregates

from slow processes. Although Rcf. 9 gives a fractal dimension close to that of the colloidal

aggregates by slow growth, it cannot account for the restructuring observed in the experiments

because of its irreversible nature. Kolb ct al.' n have considered a reversible growth model by

modifying the CCA model with random bond breaking which yielded I) = 2.03(I.57) in 3(2)d

at dynamic equilibrium: however, they did not observe the change of I) with time.



The purpose of this study is (1) to construct a more realistic reversible growth model which

involve-s the rearrangement of particles from energetic consideration rather than random hond

breaking and (2) to investigate the restructuring of aggregate,. wvith computer -zimutlations. lHc

dirct observations of the colloidal clustering tinder an optical microscopci showed that undcr

weakly attractive conditions, a particle can join and leave a cluster repcatedly and that a

particle with fewer bonds is more activc than onc with more bonds. Furthermore, the com-

paction of a colloidal sediment can occur Upon the decrease of the interparticle attracton.2

These observations plus other flocculation studies 13stligest that (lie intcrpartit ic attractions

play an important role in aggregation.

11 Model

Since the ('CA model seems able to describe the colloida; clusters grown from the rapid

processes, we build our model by combining the CCA model with a finite necarest-neighbor

attraction energy - E?. The unbinding process is s111imled wvith the Monte Carlo method. For

convenience, the calculations are performed in 2d. The procedure is as follows. Initially N'

particles are placed randomly in an M xM square lattice with periodic boundary conditions.

The particle% and the clusters. are performing B~rownian motion (random walk). After eaeh time

interval tj), all particles and clusters; move one lattice constant. [or simplicity. we assutme all

clusters to have the same mobility since this docq not change the scaling properties.7,14 Wh'len

two clustces collide, they stick together forming a larger cluster and then tnove on as a whole.

3



Moreover, because of to its thermal motion a particle can unbind from its neighbors according

to the rate e- AIT where TR is the time constant associated with thc unbinding process,

T is the room temperature, and AE is the energy change due to the unbinding. We assume AE.

= nE where n is the number of neighbors of that particle. I to 3 in the case of a square lattice.

Particles with four neighbors are not allowed to unbind in this case. In practice, the unbinding

transition of every particle is examined after each time interval Ti with a probability e - nET.

If e-nEiT is larger than a random number, the transition is accepted or otherwise rejected.

When the unbinding is accepted, the particle moves one lattice constant in one of the rest ol

the 4- n directions at random and the cluster is divided into segments. [he resulting number

of segments ranges from two to four depending on the number of neighbors bonded to that

particle and on the conliguration orthe cluster before the break-up. For example, the break-ofl

of'a double-bonded particle in the neck portion of the cluster can result in as many as 3

segments, namely, one particle and two other parts. Each segment will then diffuse as an

independent cluster and will stick to whatever it collides into later on. In our calculations, we

do not allow particles or clusters to rotate. I lo\\'ever. we do not expect the rotations to affect

the scaling properties.
15

By varying E and 1R/1), we are able to change the growth behavior over a wide range.

The CCA model corresponds to a special case when E = o. The parameter TR is the inverse

of the tnbinding attempt frequency while TD is related to the diffusivity of the particles in the

solution and is used in normalizing the time scale. A large T ,,TI) may be interpreted as a

higher particle mobility relative to relaxation and is analogous to the quenching rate in the

glass transition.

4
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III Results

We show as examples in Figure I three different aggregation conditions initiated with the

same number densities but with dilTcrent values or 1: and Tjt,.T). ligurc l(a) is the case when

E = 1.5 T and TR/TI- 0.2 in which large aggregates can hardly be formed. Figure l(b)

shows the case when F 1.5 T and TR,!T) r 2 where aggregates arc formed but there are

still quite a number or particles left in the fluid phase throuchotut the simulation. In Vig. l(c).

we show the case when E = 3.5 ' and tjR," ) = 2 in which almost no free particlcs are left

in the solution and the cluster looks more ramified. Fipures l(a), (b), and (c) toether show

the general trend that cluster size increases with increasing 17 and -,.tl).

At a given number density, as VF decreaseS. the cluster size decreases and the fluid phase

becomes more favored due to more ellicicnt relaxation. In Vig. 2. we show the saturated cluster

size as a function of F for three different cases. The fact that the logarithm of the cluster sizc

is linear with F for all cases indicates that the cluster size decreases exponentially with I. This

means that the actual aggregates cannot grow to an infinite size because of the finite coupling

energy. Meanwhile, it is worth noting that the cluster size also increases with increasing R,,TD

or particle concentration, both of which are similar to increasing quenching rate. I lowever,

we will show later that only E affects the restructuring behavior of clusters with respect to time.

To investigate the effect of restructuring we use two difFerenit procedures: (1) We start

with clusters of various sizes N grown from the C(TCA model at the same number density and

turn on the relaxation. To show the restructuring effect this way is mainly for the case of

I
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comparison, although it may appear unnatural at the first sight (there seems to be a sudden

change in E from .o to some finite value at t = 0). What this procedure really represents are

the cases where TR/TD is large enough, i.e., the aggregation is much fhster than the relaxation

so that initially the aggregates arc not very diftcrcnt from those of the CCA model. (2) We

have also studied the structural evolution of aggregates during growth. This can be achieved

by choosing smaller values of TR/'T) so that sullicicnt unbinding is taking place along with

cluster growth. We will show later that the results of the two procedures arc quite similar.

For each set of E and TR/-I), log N is plotted against log R, in every 100 Tt) where R,

is the maximum radius of a cluster and is dcfined as

Rmn a IX- -r (I)
2 r 9.

In each N vs. Rm plot. we include 11-14 data points in the range 31 N 200.300: each

point is the result of averaging over ten satples. It turns out that the curves are linear

throughout the simulation and the slope of the lines increases with tine. An example done

with procedure (I) is given in Fig. 3. Note that for a given N, the corresponding Rm is

decreasing with time, indicating that the clusters are getting denser and denser. The t = 500

-i) and the t = 10000 TD plots remain linear while the slope is increasing with time: 1.35 at

t = 0, 1.46 at t = 500 TD, and 1.63 at t = 10000 TD. This suggests that the clusters remain

fractal during restructuring hut that the 'ractal dimension is increasing with time.

We then take as the fractal dimension the slope oh the log N vs. log Rm lines by least

quare fit. The t = 0 plot which represents cltiters grown from the CCA model thus has a

6



* fractal dimension 1) =1.35 ± 0.05. in agreement with thce valucs ohtaincd in Refs. 7 and 8

within numerical crrors. We have also plottcd log N vs. log R. (not shown) Nwhcrc R. is the

radius of gyration and is dcfined as

Rg i.(2)

Generally, thle fractal ditmension D) obtained fromn the log N vs. log Rg, plots are somewhat

larger (by about 0.05 on thc average) than that of thle lov N vs. log R, plots-. however, the

dil~hrcrce is comparable with thle numerical error bars. The values or I) reported in this paper

are all based on the N vs. R, plots.

In Figure 4, we plot I) vs. t for various values of' F and TR TZI. Ill Fig. 4(a), we have

chosen a small valuc of 'Ct rD~ = 0.5 and] used procedure (2). Because of' the sinall valucs of
T Rt-,) and F, the Unbinding istkn lcesliinl along, with cluster growth. In fbact,

when we stopped monitoring. i.e., at t = It00)) TD, the clusters, were still growing. IThus. Fig.

4(a) can be regarded as the structural evolution of aggregates during growth and will be

compared with Fig. 4(b) which is obtained by uising thle samec value of' E but a di(fercnt value

of Tp/rTD and procedure (1). In spite of dilfferent procedures used, the two curves look similar

and the only differcncc is in the time units. Thus, varying TRpjt only changes the time scale

but not thle behavior of D vs. t. When F is increased, the change of 1) becomes slower, as is

shown in Figs. 4(c).(c), which are obtained by procedure (I). Note that Figs. 4(d) and (e) botht

have thre same value of I) which is 1.35 at t =0 liecatrse we start with tlse -.ame inritial clusters

for tlte pturposc of comparison. Iti Figs. 4()and (c), I) quticklv increases from the CCA value

7



and then saturates at some value D" while ) decreases with increasing F: D' - 1.5 for I =

2.5 T, D' = 1.42 for E = 3 T. This indicates that under suitable conditions aggregates can

have a fractal dimension 1) that is substantially larger than the (;A value and I) remains

unchanged over a long period of time, which has been observed experimentally.4

We plot in Fig. 5. 1) vs. 1, for t,/ D = 5 at t = 5000 tI and at t = 10000 rI) to show

the3 dilferent restricturing rates at differcnt F. It is clearly shown that the change of I) with

time is accelerated when F is decreased from 3 T. Also note that for a given t. I) remains

close to the CCA value at large E but drastically increases from that at around F -- 3 T. If

we take I) as a rough measurement of the densities of the agglomerated solids. we would expect

a similarly drastic change in the density when the interaction energy is varied. Indeed. this has

been observed in flocculated colloids. 12 We show the relation between the ,eta potential oF

the particles and the sedimentation density in Fig. 6 which is taken rom Ref. 12. In a charged

colloidal system. the interparticle interaction is the sum of (I) the screened Coulomb repulsion

and (2) the van der Waals attraction. The screened Coulomb repulsion can be varied over a

wide range by adjusting the pII, the salt concentration, and so on. while van der Waals

attraction remains more or less unchanged. Thus. under certain pli and salt concentrations.

when the screened Coulomb repulsion is sufficiently reduced, a net interparticle attractive

potential well can develop. The data points in Fig. 6 were taken under such conditions. The
magnitude of the square of the zeta potential ,2 can serve as a rough measure of the screen

Coulomb repulsion at a fixed salt concentration: - The higher the vhale of 2, the stronger the

Coulomb repulsion. Therefore, in Fig. 6. a smaller value of ,2 reprosents a deeper attraction

well. It is shown that at small values of 2 (larger iet attractions) the sedimentation density

.ii



is very low and that the sedimentation density increases at larger values of 2 (smaller net

attractions). Note that the sedimentation density does not change much until the zeta potential

reaches some critical value Ccr around which the sedimentation density increases by many folds.

In order to estimate the sedimentation density from our calculations, we assume the

sediments to be composed of blobs of some 175 particles and the sedimentation density is

approximated to be 1751(nRm 2) where R,, is taken from the calculations at 1000() q). lhibs is

not unreasonable since the aggregates start to settle to the bottom when they reach a certain

size. The results are plotted in Fig. 7. One can sec that the estimation closclv resembles the

experimental curve in Fig. 6.

IV Summary

To summarize, we have built a reversible growth model in which nearest neighbors have

a finite attraction energy - E so that the rearrangement of particles is possible. By varying

, tR/M), and the particle concentration, we are able to change the aggregation condition over

a wide variety. The restructuring behavior is mainly affected by E. We show that the aggregates

can remain fractal during restructuring while the fractal dimension D is increasing with time.

When F is large, the change of D becomes so slow that 1) stays at some intermediate value

D' and remains unchanged for a long time while I)' decreases with 1F. In the I) vs. I plot we

show that I) increases drast: .llv from the (CA value at around 1 i.3 T and is getting closer

" -- - m I •
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to d as E is decreased. We have also estimated the sedimentation densities from our calculations.

The estimated sedimentation density vs. E closely resembles the expcrimelital curve.

In principle, the results we have just shown should readily apply to a variety of systems,

since our model is quite general. However, the colloids seem to be ideal to test our results.

The reasons are the following: first, the interaction between the colloidal particles can be

varied easily over a wide range by changing the particle surface potential (7eta potential), the

salt concentration in the solvent, or the extent of steric interaction when they are coated with

polymeric units. Secondly, the size of the colloidal paticles can also he varied in a wide range.

which is equivalent to changing the particle mobility and is somewhat related to the change

of the parameter of Tt/'tD in our model.
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Figure Captions

Fig. 1. Temporal evolution of various aggregation conditions with 212 particles in a 50

50 square lattice (a) E = 1.5 T and TRTD = 0.2. (b) E = 1.5 T and TRiTD = 2. (c) 1 =

3.5 T and tR/tD = 2.

Fig. 2. N, vs. Fj/T, where N,,, dcnotcs the larest cluster. (o) at p = 0.051. T1) = .5. (.X)

at p = 0. 125, rR/-rf = 2 and ( ) at p = O . ,r r = 2 where p denotes the density.

Fig. 3. N vs. Rm whcre N is the cluster si/C and Rm is the maxinum radius in units of the

lattice constant as dcfined in the tc.,t.

FiE. 4. I) vs. t for various cases %%hcrc 1) is the fractal dimension and t is the tine.

Fig. 5. 1) 's. 1; for Tttitl) = 5, (o) at t = IO000 Tl) and (A) at t = 5000 TI).

Fig. 6. The variation in the sedimentation density (relative to the total volume) of the

colloidal solids as a function of (UIcr)
2 where , is the zeta potential at the critical point. 12

The insert is the scanning electron micrograph of particle clusters formed at low values.
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INTRODUCTION

Recent advances in the development of ceramic matrix composites have

illustrated the importance of microdesigning increasingly complex systems

for structural, electronic, magnetic, and optical applications. The trend

is in the direction of tailoring composites that display spatial resoluticn

in the submicrometer range.1 In accordance with this trend, the work that

we reported in the first two proceedings of this conference series on

Ultrastructure Processing emphasized the role of colloidal dispersion and

consolidation techniques in tailoring microstructural features of ceramic

systems in the 10- 4 to 10-7 m range.2 '3  In these studies, we examined the

process of colloidal consolidation from a fundamental point of view and

introduced an equilibrium phase diagram that provided an all inclusive

treatment of phase stability in colloidal systems.3 Further. we presented

our experimental observations on the metastable hierarchical features of

the colloidally consolidated systems which played a key role in our

generalized treatment of the colloidal phase transitions.

In this chapter. we expand the scale of our interest to the nanometer

(< 10-7 m) range to illustrate the unifying features of-colloidal proces-

sing in the micrometer vs. nanometer range. Since the formation of

hierarchically clustered structures in colloidally consolidated systems

appears to be a rule rather than an exception, we now more critically

examine (i) the conditions that result in the formation of particle clus-

ters and their networks, and (ii) the role that nierarchically Zlustered

structures play in the processing of ceramic systems. First. we briefly

summarize the implications of the equilibrium phase diagram. Next, we

summarize the predictions of a reversible cluster growth model which accu-
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rarely accounts for the energetic and entropic effects leading to the

formation of low density clusters and their restructuring. Last, we empha-

size the practical aspects of ceramics processing by illustrating the role

that hierarchical clustering plays in the evolution of nanostructural

features. The Si0 2-Al203 system is used to illustrate the concepts.

PHASE STABILITY IN COLLOIDAL SYSTEMS

Our prior work illustrated that in colloidal systems of only one type

of particles, one component equilibrium phase diagrams familiar to us in

the atomic systems can be used to outline the onset of transitions from a

stable suspension (colloidal fluid) to consolidated (colloidal solid) state

in a generalized form as a function of two intrinsic variables: (i) the

reduced tempdratue. kT/E. where k is the Boltzmann constant, T is the

thermodynamid temperature, and E is the interaction potential between

particles. and (ii) -the particle number density. i.e.. solids content, of

the suspension (Fig. 1).3 Here, the colloidal fluid refers to the state

of a dispersed suspension or "slip" that generally diplays a low viscosity.

The colloidal solid refers to the consolidated or "rast" state of a signi-

ficantly higher viscosity that is subsequently transformed into a denser

component through sintering.

Two aspects of this phase diagram are of practical importance in

colloidal processing. The first one relates to the preparation of low

viscosity suspensions. i.e., "slips"; and, the second one relates to the

packing density of the consolidated structures, i.e., "casts". Both of

these issues are of prime importance since in many processing applications

it is advantageous (i) to-work with suspensions that contain high solids

contents (> 60 vol. %) but low viscosities (< I Pa-s), and (ii) to consoli-

date these suspensions into densely packed states. On the first issue, the

model 3 used in the calculation of the phase diagram in Fig. l(a) predicts

(and it is experimentally confirmed4- 6 ) that dispersed suspensions of high

solids loadings (> 50 v/o) can only exist above a critical interaction

potential. Typically, these dispersed suspensions display low viscosities,

thus, the supercritical range is highly preferred in the preparation of lo

viscosity and highly concentrated slips.7 In contrast, below the critical

2
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point. particles readily cluster at significantly lower solids loadings

(( 10 v/o), and these low density clustered (i.e.. flocculated) networks
generally display significantly higher viscosities than the dispersed

suspensions. Therefore. the supercritical range is preferred for forming

processes where the use of low viscosity suspensions with high solids

loadings is required. and the subcritical range is avoided.

On the second issue, it is predicted that regardless of the interac-

tion potential the formation of high packing density casts (Fig. 1(a)) is

expected if a colloidal system can attain its equilibrium (i.e.. the lowest

free energy) state. However, these equilibrium packing densities are never

attained experimentally (Fig. 1(b) ). 3 18  This discrepancy is due to the

formation of metastable hierarchically clustered particle comp acts during

the transition from the dispersed to consolidated state.2.3  Consequently.

in such hierarchically clustered structures, the classification of the void

space follows a similar trend as first, second, third, and higher genera-

tion voids. In the supercritical range, the hierarchy is generally

observed only to the second generation, and, typically, average packing

densities of -0.64 are obtained with monosize particles (Fig, 1(b)). In

the subcritical range, however, the existence of third and higher genera-

tion voids results in significantly lower packing densities than those

predicted by the equilibrium phase diagram of Fig. l(a). These second and

higher order voids become responsible for the higher sintering temperatures

and shrinkages than are intrinsically possible if dense packing could be

achieved. ,911

Once again, in forming processes where high density packing and thus

low temperature sintering is required, it becomes undesirable to work in

the subcritical range,. and this provides another justification for avoiding

flocculated systems. Although flocculated systems have been avoided in the

past. inm the following sections we will show that it is difficult to

totally avoid the subcritical range, especially in the nanometer range. In
such cases, a solution must be found to the high viscosity and low packing

density problems discussed above.
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DENSI7ICATION OF FRACTAL CLUSTERS AND NET.oJRKS

The formation of low density networks in the subcritical range has

been the subject of numerous studies.1 2  In particular, the most recent

studies on the kinetics of particle clustering in colloidal systems have

emphasized the fractal aspects of multiple clusters formed either by rapid

or slow growth processes.13 Experiments showed that when the clusters grcw

rapidly the density isilow with a fractal dimension D = 1.75;14 and when

they grow slowly, the density is higher with D = 2.02-2.12,15 where D = 3

.corresponds to the densest packed state in 3d.

It has also been shown that, under certain conditions, clusters that

are initially at a low density state may densify with time to yield a

higher fractal dimension (e.g., D = 2.4).14 This restructuring to a denser

state suggests the possibility of attaining densely packed structures even

in the subcritical region. Since the conditions that yield restructurin;

of fractal clusters and their networks to higher densities are not clearly

understood, in a recent study we have simulated the process of restruc-

turing with the Monte Carlo method in order to deter=ine the parameters

that play a key role in the densification process.16 As su arized below,

the model accurately mimics the experimental results and predicts that in

colloidal systems of weakly interacting particles it is possible to achieve

high packing densities.

The model used in the Monte Carlo simulations1 6 is a modified form of

the cluster-cluster (CL-CL) aggregation model.17 .1 8  In order to facilitate

unbinding and restructuring of clusters, we introduce a Boltzmann factor

e n E/ T where n is the coordination number of an unbinding particle. -E is

the interparticle attraction energy, and T is the laboratory temperature

(Fig. 2), The unbinding transition of each particle in a square lattice is

examined after a time interval of TR with a probability enE/T. If enE/T

is larger than a random number, the transition is accepted, or otherwise it

is rejected. If unbinding is accepted, the particle moves at random one

lattice constant in one of the rest 4-n directions while the cluster is

divided into one to four segments depending on the configuration. Each

particle or segment then diffuses as an independent unit and may cluster

with other units at a later collision. The particles or clusters alone

perform Brownian motion with a time interval of TD. Thus, the parameter TR

4
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is the inverse of the unbinding attempt frequency while TD is related to

the diffusivity of the particles or clusters in the suspension and is also

used to normalize the time scale. The dimensionless quantity TR/TD is

analogous to the quenching rate of transitions from fluid to solid phase.

A high TR/TD implies higher particle or cluster mobility that is relative

to relaxation, i.e.. a rapid quenching rate.

In Fig. 3. we plot the fractal dimension D (in 2d) vs. E determined

through the computer simulation for TR/TD = 5 at t = 5,000 TD and at

t = 10,000 TD. Since D is a rough estimate of the cluster density, the

relationship in Fig. 3 can also be viewed as a density vs. E profile. The

striking similarity between this computer simulated density profile and the

experimentally determined profile of Fig. 1(b) supports the approariateness

of the parameters and the procedure used in the simulation. We -av now uze

this model to predict the behavior of colloids in general witn respect to

the parameters E and TR/TD. The binding energy E which appears in the

Boltzmann factor is the key parameter that affects the extent of restruc-

turing. When E is large, the probability of unbinding is small and

restructuring is less significant. As a result, at large E (> 37). D is

low and remains close to the CL-CL value (Fig. 3). In contrast, with

decreasing E, restructuring becomes more significant and D increases with

time towards the dense packing valu4e of 2 (in 2d).

The second parameter ta/T D mainly affects on the rate of restruc-

turing. Fig. 4 shows that for a low E value a high density state is

achieved in a shorter time when TR/TE is small (Fig. 4(a)). Thus, this

simulation implies that if we retain both E and TR/TD at a low value, it is

possible to achieve densely packed structures even with the flocculated

networks of the subcritical regime.

We may now combine the results of this simulation with the equilibrium

phase diagrams observed in highly repulsive systems to suggest the form of

a nonequilibrium phase diagram of V/kT vs concentration as shown in Fig. 5

where V denotes the generalized interaction potential and V = -E for

attractive systems. The high V/kT region of this diagram outlines the

equilibrium phase transitions observed in highly repulsive systems as

detailed in Ref. 19. Here, with increasing V/kT. the onset of fluid to

solid transition shifts to lower concentrations as 'the hydrodynamic radius

of the particles increases with the development of an electrostatic or
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steric repulsive barrier around the particles. The low V/KT region corres-

ponds to the highly attractive systems that result in the formation of

ramified structures as discussed above. In this case, although the hydro-

dynamic radius is small, the onset of fluid to solid transition again

shifts to low solids loadings due to the formation of fractal clusters with

low density. Either extreme must be avoided when high density packings are

desired. The intermediate range is most suitable for the preparation of

slips with high solids loadings and densely packed structures. In practi-

cal terms, this goal is accomplished when we work i) with dispersed sus-

pensions in the lower supercritical range (Fig. 1) where the hydrodynamic

radius of the particles is minimized,7 or (ii) with weakly flocculated

suspensions in the upper subcritical range that can readily restructure

towards densely packed states. In the latter case, the use of 2urfacrants
as lubricating agents aids the process of restr cturin t form higher

densities.20 ,21 In effect, the use of surfactants as lubricating agents 45

equivalent to lowering both E and TR/TD in the Monte Carlo simulation

discussed above, although presently we do not clearly understand the exact

role of the surfactants separately on E and 7R/TD. The important point is

that the suggestion of using weakly flocculated systems to process densely

packed casts is contrary to the conventional wisdom which suggests that

only dispersed systems be used.
22

TAILORING OF NANOCOMPOSITES WITH ULTRAEINE PARTICLES

It has been customary to divide the field of ultrastructure processing

into two distinct groups as (i) sol-gel and (ii) colloidal suspension

processing.2 3 As Iler appropriately pointed out,24 this distinction

relates mainly to the size of the particles used in a suspension. In the

sol-gel group, the scale of interest is the nanometer range, whereas the

colloidal suspension group is mainly concerned with processes that utilize

suspensions of micrometer size particles. The model presented in the

previous section may be used to explain the unifying features and the

differences observed between these two groups. The unifying feature is

that the nucleation of particle clusters and theic networks as hierarchi-

cally clustered structures is expected in both groups. The extent of

£ 6



hierarchy determines the overall packing density of the system. The .irst

difference is predicted to be in the relaxation behavior of these hier-

archically clustered structures as related to the parameter TR/7D. In the

nanometer range, the formation of low density struct-tres is favored even in

weakly attractive systems as TR/TD is expected to increase due to higher

particle mobility (i.e.. small TD) and high reactivity (i.e.. high TR).

The second difference relates to the hydrodynamic size of the

particles which becomes a significant factor iii limiting the effective

particle concentration in a suspension. As a result of these differences.

the fluid range of Fig. 5 becomes more narrow even in the intermediate

range as the particle size decreases to the nanometer scale. Consequently,

with nanometer size particles it is difficult to prepare concentrated

suspensions and gels (Fig. 6). and the processing of monolithic coroonents

is often impossible due to excessive shrinkage and cracking during dr.:.in

and sintering stages.

Presently, an easy solution to this excessive shrinkage prcolem is not

available. An ultimate solution would be to establish a methodology for

the preparation of highly concentrated suspensions in the nancmeter range.

Based on the model presented in the previous section, we again emphasize

that two possible approaches are: (i) the minimization of the hydrodynanic

radius, and (ii) enhanced restructuring of the clustered netrorks. In

either case, the use of surfactants is expected to be essential.2 0 ,Zl In

spite of this excessive shrinkage prcblem, however, many successful appli-

cations of nanocomposite processing with ultrafine particles have been

illustrated.23 Below, we summarize the results of our work on the proces-

sing of monolithic mullite with ultrafine particles and outline the process

requirements for the control of nanostructural features.

Recent studies have illustrated the potential of mullite (3A1203.2Sio 2)

as a matrix material for high temperature applications.25 In most studiei,

it has been necessary to work at temperatures above 15001C in order to

achieve full denrification (Fig. 7). Our studies on kaolinite

(A1203 "2SiO2 "2H20) - A1 203 mixtures have illustrated that these high pro-

cessing temperatures may not be necessary if amorphous and nanometer size

particles are used to promote rapid densification by viscous deformation at

temperatures as low as 1250°C.26 Similar observations have been made by

other investigators; but, fully dense and monolithic specimens could not be
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obtained.
27 

In our studies, we have been able to densify monolithic gels

to 98% of the theoretical density at 1250
0
C within 4 h.

28 
The essential

requirement is to control the degree of particle and thus chemical segrega-

tion in the nanometer scale in order to delay the crystallization of mul-

lite prior to total densification (Fig. 7). Particles of AlCOH (-15 nam)

are used as alumina source, and the controlled hydrolysis of tetra-

ethoxysilane (TEOS) around the AlOOR particles provides the silica compo-

nent. Viscous deformation of silica before the onset of mullite for=arion

at temperatures -1250°C provides the mechanism for rapid densification.

Subsequent crystallization to mullite results in the depletion of both

alumina and silica provided that the degree of particle segregation is

controlled to an optimum level. When particle segregation is not

controlled and AlOOH particles aggregate into clusters > 50 am. two types

of defects result: (i) with the capillary suction of silica into "he AlCCH

particle clusters, intercluster pores for= and thus result in low sintered

densities (Fig. 8), and (ii) pockets of -5-10 nm size amorphous silica are

permanently trapped within mullite grains when mullite crystals sweep

through the silica rich regions (Fig. 9). The atomic resolution i=a:e in

Fig. 9. taken in [010] orientation, reveals an example of amorphous region

(0 90. Si0 2 ) within a mullite grain,

CONCLUSIONS

The equilibrium phase diagram of colloidal systems predicts the forma-

tion of densely packed particle compacts regardless of the interaction

potential between particles. However, in reality .hese equilibrium packing

densities are never attained due to the formation of metastable hier-

archically clustered particle compacts. The reversible particle clustering

model summarized in this paper properly accounts for the formation of low

density structures and their restructuring behavior towards the equilibrium

state. In order to prepare highly concentrated suspensions and casts, two

approaches are enphasized: (i) the minimization of the hydrodynamic

radius, and (ii) enhanced restructuring of the clusvered networks. The

accomplishment of this goal, however, becomes increasingly more difficult

as the particle size decreases to the nanometer range.
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In spite of the low packing density problems of the nanometer range.

processing with nanometer size particles or polymeric units offers

advantages not only in the control of structural detail.- down to the mole-

cular dimensions but also in achieving lower sintering tesperatures than

are possible with micrometer size particles. The advantage of using amor-

phous particles to achieve rapid densification rates is illuztrated with

the case study on the SiO2-AI 203 system. It is also illustrated that a

precise control of particle clustering is required to eli=inate defects

that are smaller than 5-10 nm.
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FIGURE CAPTIONS

Figure 1: (a) Phase diagram (outlined with thin solid lines) for a

colloidal system of only one type of particle.
3 

In electro-

statically interacting systems the reduced temperature
scale is approximately proportiunal to (;/;o)2 where is

the surface potential and go is a normalization constant.

The maximum packing density is predicted as - 74%;

(b) Sedimentation (thick solid line with open circles) and slip

cast (thick broken line with open triangles) densities are

lower than the predicted dense packing value.

Figure 2: Tie model used in the Monte Carlo simulation of reversible

cluterinp.
1 6 

Cluster (a) may go through configuraticn chanie

with the unbinding of particles I through 3. Particle 4 cannut

be removed. Unbinding takes place accordinq to the removal rate

e where 1' is the enery chanoe uue to the unzini and

increases as the number of nearest neighbors increses.

Possible configuraticn-: after unbinding are shown far each case.

Figure 3: Fractal dimension D vs. 7/7 for = 5. (e) at t =10,C2:

and A at t = 5,COO D.

Figure 4: Fractal dimension D vs. t at a fixed E = 1.57 and "a) for

TR/TD = 0.5 and (b) R/D 10.

Figure 5: Schematic form of the nonequilibrium colloidal phase dia'ram.

In the high V/kT region, the onset of fluid to solid transition

shifts to lower concentrations due to increasing hydrodynamic

radius.19

Figure 6: The effect of particle size on the maximum particle concen-

tration of electrostatically stabilized suspensions of a-A1 203
(> I Vm) and A100H (< 1 Jim) without exceeding a suspension

viscosity of < 1 Pa-s. A significant densification is observed
during drying in the nanometer range.

Figure 7: Densification of mullite forming gels with respect to

temperature. In contrast to the gel. a kaolinite + alumina

mixture of mullite composition has to be heated to 1650
0
C in

order to achieve a fully dense state.

Figure 8: Schematic representation of the AICOH (cross-hatch particles)

Si0 2 (dotted matri-) nanoccmposites.

12



Figure 9: Atomic resolution image of mullite lattice. An amor:hous

entrapped region is seen with a "granular" cc:ntrast which

contains 90% SiO, as determined by electron energy loss
spectroscopy. Bright dots are projections of [0101 atsmic

columns in the mullite lattice.
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ABSTRACTS OF PAPERS IN PREPARA TION

I. Shinohara, N., and Aksay, I.A., "Processing of Dense A12 0 3 Through Gclation: I. Crack-

ing Problem," J. Am. Ceram. Soc., 1987a (manuscript in preparation).

Sol-gel processing has been widely investigated for the fabrication of ceramics and

glasses because it has advantages for reducing the sintering temperature and for preparing
the materials with high uniformity and purity compared to the conventional processing.

In the present work, the drying behavior of a-A120 3 -seeded boehmite gels and the influence

of a heating rate on cracking were studied. Boehmite tansforms to y-A12 0 3 by the reaction

2AI0011 - A12 0 3 + 1120. Since the weight of 15% is lost during the dehydration, it is

estimated that the dehydration of boehmite causes cracking during heating of the gels.

The gels were dried slowly at room temperature to prevent cracking.

The cracks in the samples were mainly attributed to the rapid dehydration of boehmite

near 450°C, hence the heating rate had to be controlled below 1000°C to prevent the

cracking. Fine, fibrous boehmite powder did not avoid the cracking because of the large

shrinking anisotropy. The heating rate below 1000°C also affected the densification be-

havior of the samples.

2. Shinohara, N, and Aksay, I.A., "Processing of Dense A12 0 3 Through Gelation: II.
Densification Kinetics," J. Am. Ceram. Soc., 1987b (manuscript in preparation).

Densification behavior of the a-A1203 seeded boehmite gels was investigated. Rapid

densification occurred after the y-to-a-A12 0 3 phase transformation. Enhanced densification

behavior of boehmite with r-A120 3 seeds can be attributed to the (I) small neck size and

the (2) small and uniform a-A12 0 3 particles at the onset of the densification (after the

completion of y- to a-A1203 phase transformation). Seeding of a-A12 0 3 particles into the

boehmite matrix promoted the homogeneous nucleation and growth process of a-A120 3

in the system in the low temperature region, resulting in the formation of small pores or

cracks in the system. Decreasing the agglomerate size in the boehmite matrix led to a

reduction in the sintering temperature.

3. Shinohara, N., Sarikaya, M., and Aksay, I.A., "Low Temperature Sintering of Mullite

Through Sol-Gel Processing from Boehmite-TEOS," .1. Am. Ceram. Soc.. 1987 (manuscript
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in preparation).

Mullite (3AI 20 3 * 2SiO 2) is a sole stable phase in the SiO 2-AI20 3 binary system and
is considered to be a candidate material for high temperature applications and for optical
and electronic uses. Mullite powder has been synthesized by various approaches, such as

powder synthesis from alkoxides or metal organic compounds, spray pyrolysis of the
solution, heat-treatment of the gel, hydrothermal synthesis of alkoxy-derived precursor,
and other methods. In this research, we investigated the densification behavior of mullite

through sol-gel processing from boehmite and TEOS. The gels could be densified to 3.00
g/cm 3 at 1250°C by removing large agglomerates which were contained in the initial
boehmite powder. Low densities of the gels with large agglomerates were attributed to the
pore formation in the excess silica region. This was introduced by inhomogeneous mixing
because of the agglomerates. Heating the gels caused mullite to form through sudden

reaction in the y-A120 3 solid solutions and through the diffusion controlled process.

4. Pyzik, A.J. and Aksay, I.A., "Relation Between Microstructure and Some Mechanical

Properties in the B4C-AI Composites," ./. Am. Ceram. Soc., 1987 (manuscript in preparation).

Fracture strength and fracture toughness of 34 C-AI composites have been characterized
with respect to type of microstructure. It was found that mechanical properties of this

system depend on the amount of metal present, the type and distribution of the secondary
phases that form and a continuity factor. Materials have been obtained with a combination
of 645 MPa strength and 9.7 MPa mi/2 toughness and 545 MPa strength and 14.4 MPa

mi/2 toughness.

5. Shih, W.Y. and Aksay, I.A., "Phase Diagrams of Bimodal Charged Colloidal Particles"

J. Chem. Phys.. 1987 (submitted for publication).

The stability of the substitutional crystals of bimodal charged colloidal particles has
been examined by comparing the free energies of the crystalline solids as well as of the
liquid. The free energies are calculated variationally. The Einstein model and the hard-
sphere fluid are respectively used as the reference system for the solid and for the liquid.

The charge of a particle is assumed to he proportional to its diameter as is found exper-
imentally. Let y denote the ratio of the diameter of the small particles to that of the large
particles. Our results show that only when y is close to unity, say, 0.8, a substitutional

APPENDIX XXV 32



crystal can be formed while the crystalline phase is still less stable against the formation

of the liquid phase in the intermediate concentrations than in the pure cases, i.e., the
freezing density has a maximum at some finite concentration. When y deviates more from
unity, say, 0.5, the crystalline solid cannot be formed in most of the phase regions except
those that are close to the pure cases.

6. Liu, J., Shih, W.Y., Kikuchi, R., and Aksay, I.A., " On the Clustering of Binary Colloidal
Suspensions,", J. Colloid Interface Sci., 1987 (manuscript in preparation).

Recent experiments on binary colloidal suspensions have shown that particles of the
first kind (e.g., alumina) can be induced to flocculate by the presence of particles of the
second kind (e.g., polyacrylic acid particles), within a certain range of the density of the
second species of particles. This is similar to the depletion flocculation and depletion
stabilization of the polymer-colloidal systems. We have thoroughly examined the binary-
particle systems with numerical simulations (Monte Carlo) as well as with analytical

equilibrium calculations (CVM). The simulations show a peak in the flocculation rate as
the density of the second-species particles is varied while the CVM calculations show a

monotonic increase in cluster size. The discrepancy between the simulation and the CVM
calculation suggests that the restabilization of particles at high density is due to kinetics.
We further show from free energy calculations that the flocculated state is a metastable
one whose underlying stable state is phase separation. Our calculations together with
experiments on binary colloids may shed some light on the understanding of the polymer-

colloidal systems.

7. Shih, W.Y., Liu, J., and Aksay, I.A., "Adsorption of Polymers and Polyelectrolytes on
Colloidal Surfaces," J. Colloid Interface Sci.. 1987 (manuscript in preparation).

Polymer and polyelectrolyte adsorption on colloidal surfaces has been a useful technique
for tailoring the properties of a colloidal system. I lere we provide a lattice model in which

a polymer can wiggle through the individual monomers' flipping, and can perform Brownian
motion as a whole (random walk) as well. By assigning appropriate interactions between
the individual monomers and between the monomers and the colloidal surfaces, one can
study the multi-chain adsorption behavior of neutral polymers as well as polyelectrolytes.

The processes involving the Brownian motion and the flipping are simulated with the

Monte Carlo method. Details of the model and the preliminary results on adsorption and
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the steric interaction between two adsorbed layers will bc 1prescnted. Comparison with
experiments will also be made.
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THESIS ABSTRACT

Sintering of Bimodal Compact
by
Chan Han
M.S. 1985

To achieve desirable sintering behavior of powder compacts resulting in a dense material at low
temperatures, it is necessary to obtain green compacts with uniform pore size distribution. One current

school of thought is that the uniform pore size distribution can be obtained through colloidal processing
of monosize, spherical particles. Ilowever, it has been shown that colloidal processing always results in

the formation of multi-particle clusters. As a result, additional pores are formed between them. Furthermore,

these pores are modified by different consolidation methods. Therefore, uniform sintering cannot be
expected, even though monosize, spherical particles are used.

In this study, it will be shown that the second generation pores play an important role in sintering
of powder compacts: that of controlling the sintering behavior of the entire powder compact. Also, it

will be shown that the addition of fine particles is not harmful to the sintering. Actually, it decreases the
sintering temperature of powder compacts. As a result, finer grain size is obtained.
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C THESIS ABSTRACT

Polyelectrolyte Adsorption on a-Alumina and Aqueous Suspension Behavior
by
Joseph Cesarano III
M.S. 1985

The surface chemistry and charge of polymethacrylic acid-Na+ salt (PMAA) and a-A120 3 in aqueous

systems were determined using potentiometric titrations. The adsorption of PMAA on a-A20.1 was
determined using first derivative plots of potentiometric titrations. It was determined that electrostatic
attraction between the PMAA and a-AI20 3 was the driving force for the adsorption and that after a

complete monolayer of PMAA was adsorbed, electrosteric stabilization of the suspension resulted. Using
this concept, a stability map relating the amount of PMAA necessary for stabilization vs. p1l was formu-

lated. It was also determined that electrosterically stabilized systems have advantages over electrostatically

stabilized systems in that: (i) colloidal fluid suspensions of > 50 v/o are easily attained with monosize
particles of 0.3 pm, and (ii) problems related to aging are reduced.
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THESIS ABSTRACT

Morphological and Crystallographic Characterization of B4C-AI Composites
by
Tahar Laoui
MS. 1986

Transmission electron microscopy imaging, diffraction and spectroscopic techniques have been utilized

in characterizing the morphology and crystallography of B4C-AI metal matrix composites with ceramic
phase being the major component ( > 70 v/o). Special emphasis has been given to the crystallographic

and compositional identification of a new phase present in the composite. This new phase, called X-phase,
is a major second phase besides boron carbide which forms during the processing of 134C-AI ceramic-metal

composite under controlled conditions, spatially depleting the Al phase and replacing it around the B4C

particulates. The X-phase has a hexagonal crystal structure with lattice parameters, a. = 3.5202 A, and

c. - 5.8204 A, as determined by X-ray diffraction and convergent beam electron diffraction, and a
composition given by the approximate formula AL4 BC as determined by quantitative electron energy loss

spectroscopy by using 134 C, A14C3, and A1B 2 standards.
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THESIS ABSTRACT

The Sintering of Silicon Carbide with Liquid Aluminum

by
D.L. Milius

M.S. 1986

The purpose of this study was to investigate the feasibility of developing a lightweight, high fracture
toughness, and high hardness silicon carbide aluminum composite material with greater than fifty volume

percent particulates using conventional ceramic engineering techniques such as liquid phase sintering and
infiltration. In order to use conventional pre-firing processing techniques, particulates were used in this
study. Silicon carbide and aluminum were chosen as constituents because of their low densities, economic
viability, and ready availability. In addition, prior success has been achieved with this system. Currently,

encouraging results have been obtained using non-conventional techniques such as hot isostatic pressing
and hot extrusion at low temperatures (less than 750*C) and high pressures (10 to 50 MPa).
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THESIS A BS TRACT

Microstructural and Fractographic Characterization of B4C-AI Alloy Composites
by
Gyeungho Kim
M.S., 1987

Microstructural and fractographic characterization were performed on B14C-AI 7075 alloy cermets. I he
composites were prepared by an infiltration method where metal constituted up to 50% by volume. The
distribution of the primary phases and the reaction products as well as their associated defects were analyzed
to determine their effects on the fracture and strength properties. By profiling the cracks on the matching
fracture surfaces, the presence of a residual stress was recorded. The response of the microstructure to
fracture of B4C-AI alloy cermets which were subjected to high strain rate was studied by fracture surface
replica and by thin foil TEM techniques.
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THESIS ABSTRACT

Pressureless Sintering of Short-Fiber Reinforced Mullite
by

Reiichi Yamada
M.S., 1987

Mullite precursor powder which can be sintered into translucent dense (98%) ceramic body at 1250°C
in 2 hours, was used for the matrix of the composite material with short fibers. The sintered density of
the mullite precursor powder compacts can be controlled by two processing factors. The pressureless
sintering of the composite precursor powder with 7.2 volume % fibers resulted in 96% dense material
after a 1250°C heat treatment. The densification rates of the composites were slower and the final densities
of them were lower than the monolithic mullite. By relating the densification rate of the matrix of the
composite to that of the matrix ceramics without fibers, the densification behavior of the composite system
was numerically explained. The existing differential sintering models do not explain the experimental data.
Besides the powder processing, the gel forming technique was attempted to prepare the composite with
short fibers. However, microcracks were introduced during drying and the gel was not sintcrable.
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